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Outline
In the Sixties, Clark and Lyons presented a meter unit for real-time monitoring
of glucose level in blood during surgery. Sensitivity was obtained by measuring
the current flowing between an electrolite an electrode modified with the
glucose oxidase enzyme. Since that pioneristic system, electronic biosensors
have deeply influenced diagnostic medicine, allowing to obtain faster, reliable
and reproducible measurements. The evolution of biosensors have followed
the progresses in electronics, taking advantages from the increasing level of
integration and from the more and more lower mass production costs. As
a results, it is possible to buy glucose meters, heirs of the Clark and Lyons’
system, for a few tens of euros in every drugstore.
During the Nineties, the Genoma Projects have modified the common ideas
of "syndrome" and "disease", finding their foundations in genetics. The hopes
for early diagnosis and efficient therapies are now centred in the huge amount
of information in the DNA; the results of the Genoma Projects are extremely
important for several fields in medicine, including diagnostics, pharmaceutics
and therapeutics. Nowadays, the equipments for genetic analysis are very
precise and reliable, but are also very expensive; preparation of the samples is
not trivial too. As a consequence, the number of laboratories financially able
to acquire such a instrumentation is limited, and so the number of pratically
performable analysis. Similar considerations can be done for other fields that
take advantage from genetics: let’s think about phorensics, and how it is
changed after the very first case of legal sentence decides thanks to the so-called
"genetic fingerprinting" in 1984.
The rising interest in the design and fabrication of a new generation of genetic
biosensors can be found in the limitations of the current equipments, that can
be overcome by the pros of electronic sensors. Such an interest is testified by
the rising number of publications in the field: in Figure 1, the output of a
Scopus® research with index terms as "DNA", "electronic" and "sensor(s)" is
shown. So far, different sensing mechanism have been considered, and several
technologies have been tested.
The research activity described in this manuscript can be included in the wide
field of electronic biosensoristics, exspecially focusing on Field-Effect Transistor-
based biosensors (bioFETs). The aim of the proposed activity is to overcome the
main limitations of this kind of sensors by employing floating-gate transistors
as sensing units. The final goal is to design and fabricate sensors for genetic
analysis that can be alternatively employed as laboratory instrumentation or
as field test kits by properly chosing the fabrication technology. In particular,
the research activity is focused on the employment of the considered sensors,
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Output of the Scopus®research system to the query "DNA AND (*FET OR *TFT
OR electronic) AND sensor*" from 1990 (begin of the Human Genoma Project) and
2013. Datas updated to December 2013.
namely Charge-Modulated Field-Effect Transistors (CMFETs), for sensing
DNA hybridization, which is a basic genetic reactions for several analysis in
the medical and phorensic fields.
The manuscript is divided in three different parts, in order to improve the
easiness of the reading.
In the first part, the state of the art on bioFETs is presented in order to
define the background of the main solutions proposed in literature and the
main limitations so far identified. The state of the art on the CMFET is also
presented, and the actual research activity, focused on the extention of the
results, is set.
A significant task of the research activity was carried out on an already imple-
mented, CMFET-based Lab-on-a-chip (LoC) fabricated with the commercially
available CMOS process. Such an activity, described in the second part of
the manuscript, focused on the modelling of the system, the testing of the
implemented features, the development of the chemical and biological proce-
dures necessary for employing the chip for DNA hybridization detection, the
characterization and the analysis of the results.
Finally, the third part describes the development of a CMFET implementation
in organic electronics, named Organic CMFET (OCMFET). Organic technol-
ogy allows the low cost fabrication of devices on large areas, on flexible plastic
surfaces, with relatively low cost techniques, being suitable for developing
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disposable diagnostic kits for field measurements. In this particular implemen-
tation, the research activity comprised the design of the sensor layout, the
development of the fabrication technologies necessary to the optimization of its
performances, the fabrication of the sensor, the development of the chemical
and biological procedures, electrical characterization and results analysis.

Sommario
Negli anni Sessanta, Clark e Lyons proposero un’unità da sala operatoria per
la rilevazione in tempo reale del livello di glucosio nel sangue. La sensibilità
era ottenuta modificando un elettrodo con un enzima, il glucosio ossidasi, e
valutando la variazione di corrente in grado di scorrere tra l’elettrodo stesso e
un elettrolita. A partire da tale pionieristico sistema, i biosensori elettronici
hanno influito in maniera significativa sull’evoluzione della medicina diagnostica,
garantendo misure sempre più rapide, affidabili e riproducibili. L’evoluzione dei
biosensori ha negli anni seguito quella della scienza elettronica, avvantaggiandosi
dei sempre maggiori livelli di integrazione e dei sempre minori costi di produzione
su larghi volumi. Come risultato, strumenti in grado di misurare la glicemia
del sangue, evoluzione del sistema di Clark e Lyons, sono ora alla portata di
tutti, acquistabili per poche decine di euro in qualsiasi farmacia.
Sul finire del secolo scorso, i progetti Genoma hanno modificato radicalmente
l’idea comune di termini come "malattia" e "sindrome", individuandone le basi
genetiche e riponendo quindi nell’immensa mole di informazioni contenuta nel
DNA le speranze di diagnosi precoci e cure sempre più efficaci. I risultati
di tali studi sono di estrema importanza per diversi ambiti della medicina,
dalla diagnostica alla farmaceutica, e quindi alla terapeutica. Gli strumenti di
indagine genetica oggi a disposizione, pur altamente affidabili e precisi, sono
generalmente costosi in termini di strumentazione richiesta e preparazione dei
campioni, e questo limita notevolmente il numero di strutture finanziariamente
in grado di approntare i setup sperimentali, e di conseguenza il numero netto
di analisi che possono essere compiute. Identici ragionamenti possono essere
compiuti per ambiti diversi da quelli medici: si pensi, ad esempio, a quanto
l’introduzione dei test genetici abbia influenzato l’attività forense a partire dal
1984, anno della prima condanna al carcere basata sulla cosiddetta "prova del
DNA".
Nei vantaggi offerti dalla biosensoristica elettronica e nei limiti pratici delle
attuali tecniche di indagine genetica si trova la giustificazione del sempre
crescente interesse nello sviluppo di una nuova categoria di biosensori per
analisi genetiche. Si consideri, ad esempio, il grafico in Figura 1, nel quale
è riportato il risultato di una ricerca su Scopus® di articoli su rivista e atti
di conferenza contenenti, nel titolo, nell’introduzione e/o nelle parole chiave,
termini quali "DNA", "sensor" e "electronic". Il numero di soluzioni proposte è
ampio, così come è vasto l’insieme dei meccanismi di trasduzione proposti e
varie le tecnologie utilizzate.
Il lavoro di ricerca descritto nel presente elaborato si inserisce nell’ampio spettro
della biosensoristica elettronica, approfondendo l’ambito più specifico dei biosen-
xRisultato del sistema di ricerca di Scopus®con argomento "DNA AND (*FET OR
*TFT OR electronic) AND sensor*" tra il 1990 (inizio del Progetto Genoma Umano)
e il 2013. Dati aggiornati a Dicembre 2013.
sori basati su transistor ad effetto di campo (BIOsensor based on Field-Effect
Transistor, bioFET). Il suo scopo è quello di proporre un approccio innovativo,
basato sull’utilizzo transistor a gate flottante, che consenta di superare alcune
delle principali limitazioni tipicamente associate a tale categoria di sensori.
Scopo ultimo di tale attività è quello di gettare le basi per la realizzazione di
sistemi che, sfruttando diverse tecnologie, possano essere utilizzati sia come
strumentazione da laboratorio che come kit da campo per analisi genetiche.
Nello specifico dell’attività svolta l’unità sensibile, denominata transistor ad
effetto di campo a modulazione di carica (Charge-Modulated Field-Effect Tran-
sistor, CMFET), viene testata per la rilevazione dell’ibridazione delle catene di
DNA, una delle reazioni biologiche basilari in ambito medico e forense.
Al fine di rendere più agevole la lettura, l’elaborato è stato suddiviso in tre
sezioni.
Nella prima parte viene presentato uno stato dell’arte generale sui bioFET, al
fine di fornire una visione d’insieme delle soluzioni presenti in letteratura e dei
loro eventuali limiti. Verrà quindi presentato lo stato dell’arte sul CMFET,
e verrà quindi inquadrata l’attività di ricerca svolta al fine di completare ed
estendere i risultati ottenuti in precedenza.
Una parte significativa dell’attività è svolta su un chip precedentemente realiz-
zato in tecnologia CMOS commerciale e basato sul principio del CMFET. Tale
attività, descritta nella seconda parte dell’elaborato, comprende la modellazione
del sistema, il testing delle funzionalità implementate, lo sviluppo delle proce-
xi
dure chimiche e biologiche necessarie al suo impiego come "Lab-on-a-chip" (LoC)
per la rilevazione dell’ibridazione del DNA, la caratterizzazione del sistema e
l’analisi dei risultati.
La terza e ultima parte della tesi è dedicata allo sviluppo di CMFET in
elettronica organica, tecnologia che consente la realizzazione a basso costo di
dispositivi su larga area, su substrati plastici e flessibili, e quindi maggiormente
adatta allo sviluppo di kit diagnostici da campo usa-e-getta. Per questa
particolare implementazione, nel seguito definita CMFET organico (Organic
CMFET, OCMFET), l’attività di ricerca ha compreso la progettazione del
sensore, lo sviluppo di tecnologie atte all’ottimizzazione delle sue prestazioni, la
realizzazione, lo sviluppo delle procedure chimiche e biologiche di preparazione,
la caratterizzazione e l’analisi dei risultati ottenuti.
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Part I
Aim and Background

1
Biosensors: Definition
and Classification
In this chapter the basic concepts about biosensors will be defined. A functional
classification of biosensors will be provided, especially focusing on electrochemi-
cal and electronic biosensors which have attracted a rising interest as low cost,
portable and highly parallel alternative to standard instrumentation for biochem-
ical analysis. Consequently, a great attention will be directed onto devices that
can be fabricated using standard electronic devices and processes. In particular,
among electronic biosensors, field-effect transistor-based biosensors, namely
bioFETs, will be carefully debated. At the end, a complete state-of-the-art on
electrochemical and electronic biosensing, their main advantages, issues and
still-opened challenges should be clear to the reader.
Contents
1.1 Biosensors: basic concepts and classification . . . . . 4
1.2 Electrochemical biosensors . . . . . . . . . . . . . . . . 7
1.2.1 The electrochemical cell . . . . . . . . . . . . . . . . . 7
1.2.2 Basic electrochemical methods for biosensing . . . . . 9
1.2.3 Transduction in electrochemical biosensors . . . . . . 14
1.2.4 Electrochemical biosensors in Lab-on-a-Chip devices . 17
1.3 Electronic biosensors: bioFETs . . . . . . . . . . . . . 23
1.3.1 FET-based devices for biochemical sensing . . . . . . 26
1.3.2 Inorganic TFT-based bioFETs . . . . . . . . . . . . . 35
1.3.3 Organic TFT-based bioFETs . . . . . . . . . . . . . . 40
1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 49
4 1. Biosensors: Definition and Classification
1.1 Biosensors: basic concepts and classification
The International Union of Pure and Applied Chemistry (IUPAC) refers to
"biosensor" as "a device that uses specific biochemical reactions mediated by
isolated enzymes, immunosystems, tissues, organelles or whole cells to detect
chemical compounds usually by electrical, thermal or optical signals" [1]. From
a functional point of view, a biosensor is a device used for the detection of an
analyte, which combines a biological component (receptor) with a physicochemi-
cal detector (transducer) [2]. As a result of the presence and biochemical action
of the analyte, a physico-chemical change is produced within the receptor layer
and measured by the physicochemical transducer; a signal, proportionate to the
concentration of the analyte, is generated and finally acquired and elaborated.
Such scenario is clearly depicted in Figure 1.1.
Biosensors are typically classified according to the employed receptors or to
the transduction mechanism. The bioreceptors are responsible in defining the
specificity and the selectivity of the device. Common types of bioreceptors
are:
• antibodies: as an antibody specifically binds its correspondent antigens,
immunologic reactions can be detected; several detection mechanism can
be implemented, by labelling the molecules with fluorescent or radioactive
elements (indirect detection) or by exploiting the modification in the
electrical features of the antibody due to the immunologic response
(direct detection);
• enzymes: enzymatic reactions are strongly specific, and several detec-
tion mechanism can be implemented: for example, the products of the
enzymatic reaction can be detected, as well as the activation/deactivation
of the enzymes due to the interaction with the analytes;
• organelles: they are responsible of different activities inside the cell
which are carried out independently: for instance, mithocondria regu-
late the calcium levels inside the cell, thus being suitable as receptors
in calcium concentration sensors; moreover, as organelles are typically
damaged by toxic elements proportionally to their concentration, water
pollution sensor can be obtained;
• cells: whole cells are more stable than organelles, and their environmental
sensitivity make them suitable for detecting global parameters as stress
conditions, toxicity and organic compounds; moreover, treatment effects
of drugs can be studied on the base of the variation in the cell metabolism;
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Figure 1.1: Biosensor definition by functional building blocks.
• nucleic acids: the specificity of the interaction between nucleic acids is
determined by complementary base pairing: for instance, DNA strands
are the repetition of four kind of nucleotides, namely adenine, cytosine,
thymine and guanine, and only adenine-thymine and cytosine-guanine
bonds are possible; consequently, only one (complementary) nucleic acid
is admitted for every sequence; the detection of the reactions that bring to
the bond (hybridization) or separation (denaturation) of two complemen-
tary oligonucleotides can be performed in different ways, both indirect
and directi.
As an alternative, according to the type of the transducer, biosensors could
be:
• electrochemical: receptors are anchored onto the surface of an electrode,
namely working electrode, whose electrical properties are modified by the
chemical interaction between the receptors and the analytes; according
to the considered electrical quantity, they can be distinguished into:
- amperometric: variation of the current flowing between a counter
electrode and the working electrode immersed in an electrochemical
cell;
- potentiometric: variation in the interface potential of the working
electrode measured with respect to the one of a reference electrode;
- impedencemetric: the variation of the conductivity of the work-
ing electrode in electrolytes is represented by the variation of its
iDNA sensors will be thoroughly addressed all over the manuscript; the reader will found
more details about DNA reactions and detection mechanism in the following.
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electrochemical impedance, which can be measured by standard elec-
trochemical procedures as Electrochemical Impedance Spectroscopy
(EIS);
- conductometric: as several biological reactions determine a variation
in the ion concentration and distribution inside a liquid media,
conductivity measurements on electrolytes can be performed to
detect them.
• electronic: the investigated biological reaction is detected on the base
of its effect on the electrical characteristics of semiconductor-based de-
vices, including diodes, metal-insulator-semiconductor capacitors and
transistors;
• optical: the investigated reaction results in an emission or absorption of
photons which can be collected by means of appropriate photodetectors;
several biological reactions can be optically detected, typically by modify-
ing the receptor or the analytes with light-emitting labels as fluorescent
dyes or fluorochromes;
• gravimetric: the detection is made by evaluating the change of mass
induced by the investigated reaction; commonly used transducers are
Quartz Crystal Microbalance (QCM) and Surface Acustic Wave (SAW)
devices;
• pyroelectric: as pyroelectric elements generate a current as response to
temperature variations, they can be employed to detect biological reac-
tions which determine a variation in the temperature of the measurement
environment;
• piezoelectric: piezoelectric elements are able to generate a potential
in response to applied mechanical stress; if the bioreceptors modify the
mechanical properties of a piezoelectric element in consequence of a
biological reaction, this may be detected in terms of variation of the
piezoelectric effect.
Among the previously presented mechanisms, electrochemical and electronic
transduction have been emerging because of their potential advantages in terms
of easiness of signal acquisition, elaboration and storage. In fact the transduc-
tion can be performed by electronic circuitries which basically conditionate the
incoming electrical signal from the receptors in order to make them suitable
for data elaboration and storage systems. With respect to other approaches,
the mechanisms behind electrochemical and electronic sensing can be poten-
tially implemented in electronic systems which exploit the huge advantages
in terms of integration, parallelization and portability offered by the different
1.2. Electrochemical biosensors 7
available technologies. For these reasons, a particular attention will be directed
hereinafter on electrochemical and electronic sensors.
1.2 Electrochemical biosensors
As already introduced, biological reactions can be investigated by means of
different electrochemical methods. Basically, in the electrochemical approach,
the variation in an electrical quantity due to a biological event is measured as a
response to another fixed electrical quantity. For instance, in an amperometric
sensor the current variation is measured when a specific voltage is applied to
the electrochemical cell, while in a potentiometric sensor the opposite approach
is employed. Impedancemetric and conductometric sensors can be connected to
the previous approaches, but different output parameters are considered, namely
impedance at the interface electrode-electrolyte and electrolyte conductivity,
respectively. It is clear that the working principle and performances of such
techniques are strongly reliant on the characteristics of the electrochemical
circuit (namely electrochemical cell), the chosen stimulating signals and the
acquisition of the output parameters. In the following, all these aspects will be
thoroughly examined.ii
1.2.1 The electrochemical cell
In general, an electrochemical cell is a device capable to derive electrical
energy from chemical reactions, or to facilitate a chemical reaction by giving
an external electrical supply. A basic electrochemical cell is composed by
two half cells, each one consisting on an interface between an electrode and
an electrolyte. Specifically for electrochemical analysis, an electrolytic cell is
employed, in which a voltage drop between the electrodes is imposed by an
external supply. In principle, all the previously introduced electrochemical
analysis can be performed in an electrochemical cell hosting two electrodes,
namely working electrode and auxiliary electrode. The working electrode is
the one on which the investigation is carried out: in biological analysis, it is
the one modified by the biochemical species. The auxiliary electrode, which is
normally connected to the reference potential of the outer polarization circuitry,
completes the electrical path in the cell. For this reason, it is also referred
as "pseudo-reference" electrode, as it comprises the properties of a reference
and a counter electrode. In this configuration, the whole cell is electrically
characterized: for instance, the complete potential profile inside the cell can be
iiFor more exhaustive details, the author refers to [3].
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Figure 1.2: (a) Potential profile in a two terminal electrochemical cell, where a
biological film is anchored onto the working electrode. (b) Same scenario in a three
electrode electrochemical cell and potentiostat.
obtained. In Figure 1.2(a) a scenario, where a biological sample is anchored
onto the surface of the working electrode, is presented. It can be noticed that
the overall potential drop between the electrodes is given by the combination
of different effects:
1. ∆VA, which is the voltage drop at the auxiliary electrode-electrolyte
interface;
2. RSI, which is the voltage drop in the electrolyte because of its resistance
(RS);
3. ∆VS , which is the voltage drop at the electrolyte-sample interface;
4. ∆VW , which is the voltage drop at the sample-working electrode interface.
All these components, including the one related to the biological sample, depend
on the current flowing in the electrochemical cell, thus being difficult to control.
For example, as the auxiliary electrode exchanges charge with the solution,
chemical processes may determine a variation in the ∆VA, and to the injected
current in the cell.
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In order to overcome such a limitation, a different configuration can be set up. In
Figure 1.2(b) the schematic of a three electrode electrochemical cell is shown. In
this case, the auxiliary electrode is split into a reference electrode and a counter
electrode: the first fixes a constant potential drop at the electrolyte-working
electrode interface (∆VR), while the second closes the electrical path of the
electrochemical circuit. In this way, by maintaining the reference electrode very
close to the working electrode, a more accurate measurement of the ∆VS can be
obtained. Moreover, the potential changes at the working electrode’s interface
can be measured independently from the changes at the counter electrode-
electrolyte one. Noteworthy, the three electrode cell correctly operates only
if the reference electrode potential is perfectly known and stable, i.e. if no
current flows through the reference electrode and the electrolyte (nonpolarizable
interface). Such a feature is obtained by properly choosing the material of the
reference electrode; commonly employed reference electrodes are the Normal
Hydrogen Electrode (NHE), the Saturated Calomel Electrode (SCE), the
Copper-copper(II) Sulfate Electrode (CSE), the Silver-Silver Chloride Electrode
(SSCE), and the Palladium-Hydrogen Electrode (PHE).
As three electrodes are employed, a more complex readout circuitry is needed.
Let’s skip, at the moment, how the signal coming from the working electrode is
acquired; an exhaustive analysis on this aspect will be provided in an upcoming
section. The counter and the reference electrodes are not independent, but
the current flowing through the counter electrode is set in order to maintain
the potential between the working and the reference electrode equal to a given
input potential. As a consequence, the voltage drop at the working electrode
can be determined by varying the fixed input potential until the current flowing
between counter and working electrode is nullified. Such a circuitry, named
potentiostat, allows the most of the electrochemical experiments.
1.2.2 Basic electrochemical methods for biosensing
As already mentioned in Section 1.1, biochemical reactions can be investigated
by anchoring the receptor layer onto the working electrode, and evaluating how
such reactions modify its electrical properties. In particular, amperometric and
impedancemetric analysis are commonly employed to this goal. Among the
amperometric procedures, Cyclic Voltammetry (CV) and Chronocoulometry
(CC) have been widely considered, as well as the basic impedance analysis,
namely Electrochemical Impedance Spectroscopy (EIS).
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Figure 1.3: (a) Cyclic voltammetry configuration; in the inserts, the input voltage
and the output current are shown; (b) Using cyclic voltammetry for pH sensing with
an amino-coated gold working electrode [4].
Cyclic Voltammetry
In voltammetric techniques, the current flowing between the counter and the
working electrodes is considered, when a specific potential drop is applied
between the working and the reference electrodes (Figure 1.3(a)).
In the specific case of a cyclic voltammetry, a triangular-waved voltage is
employed to induce oxidation-reduction reactions at the surface of the working
electrode as a function of the employed electrolyte and the slope of the signal.
For each analyte that can be oxidated (reduced), charges flow through the
electrode-electrolyte interface, thus leading to a variation in the ionic current
in the cell. A peak in the current is reached when a complete oxidation
(reduction) at the surface is obtained. When the polarity of the input voltage
diverts, the oxidised (reduced) species in the solution are reduced (oxidated);
as a consequence, the current flow is inverted and a new current peak is
reached for the complete reduction (oxidation) at the interface. The final
current characteristic, depicted in Figure 1.3, is a closed-loop diagram, with
a shape, mainly related to the height of the peaks and their distance in
potential, which is characteristic of the properties of the electrode-electrolyte
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interface. The way biochemical species anchored onto the surface of the working
electrode affect the shape of the voltammogram may be used for investigating
several biological reactions. For instance, in Scavetta et al. [4], a gold working
electrode coated with amino-terminated molecules was employed as pH sensor.
A solution containing [Fe (CN)6]
−3 as redox probes at different pHs was
employed for characterization. As aminic groups assume a positive charge in
acid environment, negative ions in the electrolyte are attracted to the surface,
thus bringing to an increase of the current in the cell with respect to more
basic pHs, for which the aminic groups are neutral. These results are shown in
Figure 1.3(b).
Chronocoulometry
Chronocoulometry is another voltammetric technique that allows evaluating
the charge variation in time as a function of the potential applied between the
working and the reference electrodes. The electrochemical cell configuration is
the same in Figure 1.3(a) A step-shaped voltage is here employed, as shown
in Figure 1.4: at the potential E1 no reactions occur, while E2 is chosen to
induce the reduction of the species at the working electrode’s surface. As a
response to the applied voltage, the reduced species diffuse within a distance d
from the electrode, according to the relationship
d =
√
2Dt (1.1)
being D the diffusion constant of the investigated specie and t the period of
the voltage step. The generated flow between the working and the reference
electrodes follow the Cottrell’s equation,
I = nFA
√
DCb√
pit
(1.2)
being n the number of moles of the considered specie, F the Faraday constant,
A the surface of the working electrode, Cb the analyte concentration in the
bulk of the solution. Consequently, the charge on the working electrode can be
extrapolated by integrating the Equation 1.2,
Q = 2nFA
√
DCb√
pi
√
t+Qdl (1.3)
where Qdl is a constant charge in the double-layer at the electrode-electrolyte
interface. The trend of the current and the charge are shown in Figure 1.4(a).
Chronocoulometry can be employed for evaluating the density of electrically
active molecules at the surface. For instance, Steel et al. [5] employed the
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Figure 1.4: (a) Chronocoulometry: applied potential (blue), output current (red)
and extrapolated charge (purple); (b) Chronocoulometric response curves for MCH
(squares) and P1/MCH (circles) modified electrodes in the absence (open) and
presence (closed) of 50 µM of Ru (NH3)3+6 . The lines represent the fit to the data
used to determine the intercept at t = 0 [5].
chronocoulometry for investigating DNA-coated gold surfaces. Using ruthenium
hexaammine (III) (Ru (NH3)3+6 ) as mediator, because of its absorption in the
negatively-charged DNA backbones, the charge at the coated surface becomes
Q′ = 2nFA
√
DCb√
pi
√
t+Qdl + nFAΓ0 (1.4)
where Γ0 the surface density of Ru (NH3)3+6 , and so nFAΓ0 the total charge
associated to them. Equations 1.3 and 1.4 represent straight lines in the Q−√t
plane, with intercept
q = Qdl
q′ = Qdl + nFAΓ0
(1.5)
By a linear fitting of the experimental Q and Q′, the value of nFAΓ0 can be
obtained, and so the actual DNA density ΓDNA, being
ΓDNA = Γ0
z
m
NA (1.6)
where m is the number of phosphate group in a DNA strand’s backbone, z is
the atomic number of the electrolyte and NA the Avogadro’s number. Figure
1.4(b) shows the result of the chronocoulometric analysis in [5]: squared-curve
represent a gold electrode coated with an alkil chain, namely 6-mercapto-1-
hexanol (MCH), while the circles are relative to a gold electrode coated with a
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combination of MCH and single-stranded DNA. It is possible to notice that, in
absence of the Ru (NH3)3+6 , the effect of the sole Qdl can be evaluated in both
cases.
Electrochemical Impedance Spectroscopy
The Electrochemical Impedance Spectroscopy (EIS) is employed to evaluate
the impedance of the working electrode-electrolyte interface. In the same
configuration in Figure 1.3(a), an alternate voltage (typically sinusoidal) is
applied between the working and the reference electrodes. Such signal de-
termines a charge redistribution inside the electrolyte in the whole cell, so a
complete impedance model of the cell must be considered. In Figure 1.5(a),
the Randles equivalent circuit for the three electrode cell is shown: it comprises
the resistance of the electrolyte (Rs) and the cell’s geometrical capacitance
(Cg). The working electrode-electrolyte interface is represented by the parallel
of the charge transfer resistance (Rct) and the capacitance of the double layer
(Cdl).
For a complete reversible system, the working electrode exchanges charge with
the electrolyte without resistance (Rct = 0); consequentely, no double layer is
formed at the interface (Cdl = 0). The total impedance of the cell is represented
by the parallel Rs − Cg,
Z (ω) = Rs1 + ıωCgRs
= Rs
1 + (ωCgRs)2
− ı ωCgR
2
s
1 + (ωCgRs)2
(1.7)
Such impedance may be represented in the Nyquist plane: by considering the
real and imaginary part of the impedance,
a = <{Z (ω)} = Rs
1 + (ωCgRs)2
(1.8a)
b = ={Z (ω)} = ωCgR
2
s
1 + (ωCgRs)2
(1.8b)
and thus writing ω as a function of the real part from equation 1.8a,
ω = 1
RsCg
√
Rs − a
a
(1.9)
the equation 1.8b can be re-written as
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Figure 1.5: (a) Randles equivalent circuit of the electrochemical cell; (b) ideal EIS
diagram on the Nyquist plane; (c) Using EIS for pH sensing with an amino-coated
gold working electrode [4].
a2 + b2 −Rsa = 0 (1.10)
The last equation is represented by a circle in the a− b plane, centered in Rs/2.
A typical EIS Nyquist diagram is shown in Figure 1.5(b). The application
of EIS in biochemical analysis has been widely demonstrated. In Scavetta et
al. [4], the response of coated working electrodes to pH variation, previously
characterized by CV, was also investigated by means of EIS. The results are
reported in Figure 1.5(c), using ruthenium hexaammine (III) as mediator. It
can be noticed that, for basic pHs (i.e., neutral aminic groups), the resistence
in the cell is higher than the one for acid solutions (i.e., positively-charged
aminic groups), being larger the radius of the circle in the Nyquist plot. This
result is consistent with the fact that positively-charged aminic groups allow
an easier charge transfer between the working electrode and the ions in the
electrolyte; when the molecules are neutral, the charge transfer is not enhanced,
and an higher resistance is recorded.
1.2.3 Transduction in electrochemical biosensors
According to the previously presented techniques, the basic output parameter
of the three electrode electrochemical cell is the current flowing between the
working and the counter electrodes. As a consequence, the capability of
acquiring and tuning such a current to make it feasible for elaboration plays a
crucial role in the overall performances of electrochemical sensors. Basically,
two main issues must be faced for biochemical analysis:
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Figure 1.6: Basic approaches for the acquisition of small currents from a sensing
element (modelled as Norton equivalent circuit): (a) current integration in a capacitor;
(b) passive current-to-voltage conversion; (c) active current-to-voltage conversion.
1. the current variation related to biological effects may be very small, thus
requiring high resolutions, i.e. high signal-to-noise ratios (SNR);
2. the characteristic frequency of some biological events may be quite high,
thus requiring large bandwidth for readout electronics; in this case, as
high-frequency noise is included, an enhanced noise rejection is mandatory.
In principle, small currents can be read by integration on a capacitance (Figure
1.6(a)) or by converting it into a voltage by means of a resistor (Figure 1.6(b)).
In practice, the direct integration is generally difficult to manage, as the stored
charge may vary according to parasitic contribution coming from the outer
circuitry. Circuital solutions have been proposed, but a significant increase in
the complexity of the readout schema is needed. Current-to-voltage conversion
is typically preferable in biochemical sensors. In any case, the employment
of a passive resistor is generally deprecated because of the high noise levels;
moreover, in a passive circuitry like the one in Figure 1.6(b), the voltage drop
on sensing element is not constant, but vary with the variation of the current
to be sensed.
In order to overcome such limitations, active current-to-voltage conversion can
be implemented by means of a transconductance amplifier. An operational
amplifier is employed (1.6(c)) in order to provide high input resistance for
converting low current in significant input voltage; moreover, the voltage
applied to the sensing element is kept constant by the virtual short-circuit
at the reference voltage of the amplifier. In this schema, the amplification is
obtained by the feedback resistance Rf , as the output voltage of the device is
given by the relationship
Vout (t) = −RfIin (1.11)
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A parallel capacitor Cf can be inserted to tune the bandwidth of the device;
the feedback network determines a pole at a frequency
ωp =
1
RfCf
(1.12)
In this approach, the main limitations are related to the signal-to-noise ratio,
that can be low for small currents. In transimpedance amplifiers, several noise
sources can be detected:
• the feedback resistor introduces a parallel current because of the thermal
noise and the 1/f noise,
Si =
4kT
Rf
+ S1/f (1.13)
• the mismatch in the input transistors of the amplifier can be modelled
as a voltage noise in the input node determining the fluctuation of the
voltage applied to the sensing element; as a consequence, an additional
current SOA is superposed;
• the connection between the transimpedance amplifier and the sensing
element introduces a stray capacitance, Cstray, which is superposed to
the actual impedance;
• if discrete components are employed, solders introduce high noise, espe-
cially at high frequency.
In addition to these noise sources, the unavoidable noise coming from the
sensing area must be taken into account. If large currents have to be detected,
the influence of the noise sources can be reduced by properly designing the
transimpedance amplifier and the connection with the sensing element. High
feedback resistance reduces the thermal noise current, and high frequency noise
can be reduced by setting the bandwidth to the very necessary with the feedback
capacitor. Moreover, stray capacitance can be reduced by means of impedance
matching. For instance, such solutions are successfully employed for commercial
glucose meters [6]. When small currents have to be detected, the employment
of discrete-component electronics is typically unsuitable,unless more complex
circuitries are designed [7, 8]. In order to reduce at the same time all the
previously introduced noise sources, integration in electronics Lab-on-a-Chip
(LoC) devices is commonly employed. In this way, no discrete components are
employed, thus avoiding thermal and frequency noise. Moreover, as everything
is integrated in the same substrate, mismatches are reduced and soldiers and
cables are not needed.
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1.2.4 Electrochemical biosensors in Lab-on-a-Chip devices
As suggested by the name, Lab-On-a-Chip devices implement several laboratory
function in a few millimetres square area. Such an approach is characterized by
several advantages: small quantity of analytes are needed, and faster and more
controllable response are allowed by the small volumes involved. Moreover, the
very large scale of integration allows the fabrication of highly parallel devices
at low cost for high volumes of production. In electronic LoCs, sensing units
and/or readout circuitries are implemented on a chip; the integration of both
components is clearly more attractive, as it allows maximising the portability of
the system. Basically, two main approaches in the fabrication of electrochemical
LoCs can be identified: the simplest one is based on the implementation of the
standard electrochemical techniques; alternatively, innovative electrochemical
analysis can be implemented.
In 2008, Levine and co-workers presented an integrated chip fabricated in
0.25 µm CMOS process capable to perform cyclic voltammetry [9]. As shown
in Figure 1.7(a), the chip hosts four arrays, each one composed by four working
electrodes sharing a common counter electrode. To work as three electrode
electrochemical cell, an external Ag/AgCl reference electrode was employed.
As gold is not a standard material in CMOS process, a post-processing metal-
lization was performed for the working electrode. As shown in Figure 1.7(b),
a complete voltammogram can be obtained from each electrode; the correct
behaviour was demonstrated by evaluating the dependence of the voltammo-
gram characteristics on the area of the working electrode and the entity of
the voltage sweep. The device was finally tested as DNA sensor. At first, the
variation in the voltammogram was evaluated as a response to the function-
alization of the working electrode with single-stranded DNA probes (Figure
1.7(c)): as expected, the peaks are reduced in amplitude and shifted, as an
effect of negatively-charged DNA strands which impede the charge exchange
at the electrode/electrolyte interface. The sensitivity and selectivity to DNA
hybridization were finally tested. Ferrocene-conjugated target DNA sequences
were employed: when hybridization occurs, a ferrocene ion is released from the
probe-target pair, contributing with a single electron to the current flowing in
the cell. The amount of bound target was determined from CV measurements
by integrating the area enclosed by the ferrocene redox current after subtraction
of background charging contributions (see Figure 1.7(d)), and then dividing the
result (in Coulombs) by the magnitude of the electronic charge. Interestingly,
when a target sequences differing from the complementary one just by a single
base was employed (single nucleotide polymorphism, SNP), a smaller difference
between the resulted current and the baseline was obtained, thus demonstrating
that a reduced hybridization efficiency was obtained (Figure 1.7(e)).
More recently, Manickam et al. proposed an integrated, on-chip two electrode
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Figure 1.7: (a) Microphotograph of the LoC implementing cyclic voltammetry: a
particular of the working electrode modification with gold is presented in the insert;
(b) example of a cyclic voltammogram recorded with the chip, using an external
Ag/AgCl reference electrode; (c) voltammetric verification of the working electrodes
modification with single-stranded DNA probes; (d) voltammetric verification of DNA
hybridization with complementary strands by ferrocene dissociation; (e) voltammetric
verification of single-nucleotide modification [9].
electrochemical cell for EIS measurements [10]. The chip, fabricated in a
standard 0.35 µm CMOS process, hosts 100 gold working electrodes obtained
by an electroless nickel/gold deposition onto the aluminium pads. As for the
previous example by Levine et al., an external reference electrode was employed.
The admittance measurement was implemented as shown in the insert of Figure
1.8(a): the current flowing in the electrode is converted into a voltage by a
transimpedance amplifier, which is later multiplied with orthogonal sinusoidal
signals of frequency ω (I and Q channels) and filtered. Being A the gain of the
amplifier, and Vx (ω) the sinusoidal stimulus applied to the reference electrode,
the admittance of the cell can be obtained as
|Y (ω) | =
√
V 2I (i) + V 2Q (i)
A· |Vx (ω) | (1.14a)
∠Y (ω) = tan−1
(
VQ (i)
VI (i)
)
(1.14b)
where VI (i) and VQ (i) are the dc values of the I and Q channel generated by the
low pass filters for the i-th electrode. The detection mechanism is depicted in
Figure 1.8(b): the measured admittance is the one of the whole cell, comprising
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Figure 1.8: (a) Microphotograph of the LoC implementing EIS: a particular of the
working electrode modification with gold and of the reference electrode insertion are
presented in the insert; (b) sensing mechanism; (c) example of DNA hybridization
detection by variation in the cell admittance measured by the system [10].
the double layer capacitance (CDL), the diffusion impedance (parallel CD/RD)
and the bulk resistance (RB). When the investigated biochemical reaction
occurs, CD and RD are altered by the modulation of the charge distribution
near the electrode, thus determining a variation in the admittance. In Figure
1.8(c), an example of EIS measurement for the DNA hybridization detection is
shown. As a consequence of hybridization, the negative charge anchored onto
the sensing area increases, thus bringing to a decrease of the CD due to the
electrostatic repulsion between the double-stranded oligonucleotides and the
ions in the electrolyte. A reduction of the total admittance is finally obtained.
As derived from the previous examples, the main limitation for the imple-
mentation of electrochemical cells in LoCs is the fabrication of integrated
reference electrodes: the materials for reference electrodes are not standard
in commercial CMOS process, and post-processing modifications are typically
not trivial. Moreover, the range of applicable voltages for on-chip reference is
limited by the employed technology, unless an external control circuitry is used.
In order to overcome such limitations, the employment of different materials
and the implementation of novel electrochemical techniques are needed. For
instance, in Schienle et al., an amperometric sensor have been proposed for
DNA hybridization detection [11]. As show in Figure 1.9(a), the chip hosted
128 sensing elements, constituted by two interdigitated electrodes and readout
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Figure 1.9: (a) Microphotograph of the chip in [11]: a particular of the sensing
pixel and a cartoon of the working principle are reported; (b) selectivity test on two
rows of the device, functionalized with two different sequences and hybridized with
a target complementary to the probe in row 8; (c) relative variation in the output
frequency: an increase of the frequency is obtained in correspondence of matching
sequences on row 8, while a reduction is obtained on row 7 for mismatched sequences;
the other rows were maintained not functionalized.
circuitry. The electrodes were modified with DNA probes and later hybridized
with enzyme-labelled target sequences. A potential was cycled between inte-
grated aluminum reference and counter electrodes in order to induce a redox
reaction in the label (redox cycling). Although the use of aluminium instead
of standard Ag/AgCl causes a voltage drop across the electrolyte solution,
the device was demonstrated to operate properly as long as the voltage in
the working electrode is within the operating range of the readout circuitry.
In redox cycling, oxidation and reduction phases produce opposite currents
flowing between the two electrodes, and collected and integrated into capacitors.
The voltage drop in the capacitors is employed as input to comparator schema,
which produce square-wave voltage output with a frequency that can be related
to integrated current according to the equation
f ≈ Isens
Vth·C
(1.15)
being Vth the reference voltage in the comparator.
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Figure 1.10: (a) Particular of the chip in [12]; (b) working principle; (c) calibration
of the sensor response to DNA hybridization with the target concentration in solution;
(d) response of the sensor to fully complementary, SNP and fully not complementary
sequences.
By evaluating the frequency using a counter/shift register circuitry, the sensed
current can be finally extrapolated. An example of testing is reported in Figure
1.9(b) and (c): two rows of the sensor (7 and 8) were selectively functionalized
with two different probe sequences, and then hybridized with a target sequence
complementary to one of the probes. The device was flooded with a chemical
substrate which trigger the redox cycling, and then the frequency was measured.
An increase in the output frequency was observed only for matching sequences
on row 8, while a reduction was recorded on row 7 for mismatched sequences,
thus proving the selectivity of the device.
A similar readout technique was later employed in Lee et al. for DNA hybridiza-
tion detection [12]. Also in this case, aluminium was employed for the reference
electrode. Two working electrodes were employed to collect the electrochemical
current to be integrated into the capacitors at the input of a comparator
schema. DNA hybridization was detected by evaluating the variation in the
accumulation time (∆t) on one electrode with respect to a not hybridized
one in a differential circuitry. As shown in Figure 1.10(c), the variation in
the accumulation time was related to the target concentration in solution, as
hybridization occurs faster if high concentrations are employed. Noteworthy,
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Figure 1.11: (a) Schematic of the chip in [13]; (b) working principle; (c) selectivity
test: the variation of the capacitance is significant only for specific binding between
probes and complementary targets after hybridization.
when not complementary target and single-base mismatch were employed, a
sensible difference in the accumulation time were recorded (1.10(d)).
As an alternative, sensing mechanisms that don’t need a reference electrode
can be implemented. A first, significant example is given in Stagni et al. [13],
where a modification of the device proposed by Schienle and co-workers is
reported. In this case, no reference electrode and labelling of the molecules
is needed: the DNA strands determine a variation in the capacitance at the
electrode-electrolyte interface, as a consequence of the electrostatic repulsion
between the oligonucleotides and the ions in solution. The value of the elec-
trolytic capacitance can be measured using a frequency counter: a reference
current IREF is employed to charge the capacitance between the interdigitated
electrodes. When the capacitor is fully charged, a comparator generates a
square-wave signal, which frequency can be related to the value of the capacitor
according to Equation 1.2.4. Such a mechanism is reported in Figure 1.11(b).
In particular, Figure 1.11(c) shows the variation of the during the hybridization
process: it can be seen that specific binding brought to a sensible variation
in the capacitance with respect to an a-specific one, when the response of an
electrode functionalized with single-stranded probes was taken as reference.
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Figure 1.12: The chip for DNA detection proposed by Anderson et al. [14]: the
working principle and the results of DNA polymerization are reported.
In 2008, Anderson and co-workers [14] proposed a device for real time monitoring
of DNA synthesis (polymerization) onto a sensing area. As reported in Figure
1.12, when the polymerase enzyme adds further bases to a double-stranded
DNA sequence previously anchored onto the sensing area, an increase of the
negative charge is determined, thus resulting in a current flowing in the electrode
and finally converted by a readout scheme. The results of testing are also
shown: as a result of the DNA chain elongation, the output voltage from the
transimpedance amplifier increased. Interestingly, when not modified electrodes
were exposed to the solution containing the enzyme and the bases to be added,
no significant variations of the output voltage were recorded.
1.3 Electronic biosensors: bioFETs
According to the previously presented examples, electrochemical biosensors
consist on a passive receptor system (modified electrodes) and on an active
transducing elements completely responsible for amplification, conditioning and
readout of the electric signals. As already mentioned, important effort must be
lavished in the design of the transducing element; LoC approach allows overcom-
ing some of the main issues related to noise sources in the readout electronics,
but the integration of electrochemical systems with standard semiconductor
processing is not trivial. Differently from electrochemical biosensors, which
basic idea is depicted in Figure 1.13(a), in electronic biosensors the transducer
is an electronic device or system which directly converts the signal coming
from the receptors into an electrical one (Figure 1.13(b)). In general, the noise
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Figure 1.13: Block diagrams for electrochemical (a) and electronic (b) biosensors.
issues in the electrochemical approach are completely avoided in this case, as
a strict correlation between receptors and transducer is realized. Moreover,
several novel transduction mechanisms can be implemented, accordingly to the
chosen transducing element and fabrication technology. In short, electronic
biosensing offers significant advantages in terms of sensitivity, spatial resolution
for localized detection, integration with standard semiconductor processing
and label-free, real-time and non-destructive detection.
Among the impressive number of examples of electronic biosensors reported
so far in literature, Field-Effect Transistors (FETs) have been particularly
investigated as transducing elements for electronic biosensors: in this case, a
precise class of electronic biosensors, namely bioFETs, is defined. The success
of bioFETs with respect to other electronic biosensors is mainly related to the
peculiar characteristics of FETs as multi-parameter devices, which allow the
implementation of a wide range of transduction mechanism. Let’s consider,
representatively of such an idea, the output current of the transistor, IDS :
IDS = f (µ,CINS ,W,L, V ) (1.16)
It can be noticed that, also in a very simplified model of the transistor, several
elements contributes to the final current: some of them are related to the
chosen materials, as charge carrier mobility (µ) and insulating capacitance
(CINS), other to design, as the geometrical channel width (W ) and length (L),
other to the operating conditions (the applied voltages, represented by V ). All
these parameters can be theoretically employed for biochemical transducing, by
properly choosing the technology, the materials and the operative condition of
the device; for a defined technology, additional elements can be inserted in the
last, simplified equation. So far, two main technologies have been particularly
employed for the fabrication of bioFETs. At first, evolutions of Metal-Insulator-
Semiconductor FETs (MISFETs) represented the standard reference for several
bioFETs: the standard semiconductor technologies, as the CMOS process,
could be employed for the fabrication of devices, especially for large scale of
integration in LoC applications. Complementary to these technologies, Thin-
Film Transistor (TFT) approach have been ever more employed. The main
1.3. Electronic biosensors: bioFETs 25
Figure 1.14: Standard FETs (a) vs. Thin-Film Transistors (b). Different geometries
for TFTs:(1) bottom gate/bottom contact; (2) bottom gate/top contact; (3): top
gate/bottom contact; (4) top gate/top contact.
differences between a standard MISFET and a TFT is depicted in Figure
1.14: in a TFT, the different elements constituting a transistor are thin film
of materials subsequently stacked. For instance, source and drain are metal
electrodes instead of doped regions as for standard transistors. The main
difference between the two technologies is represented by the characteristics of
the active channel: while standard transistors’ working principle is related to
population inversion, TFTs are accumulation-mode devices, i.e. the gate voltage
is employed to collect the charge carriers, mainly injected from the source/drain
electrodes, at the semiconductor/insulator interface. As the doped bulk is
no more necessary, thinner, lighter and also transparent structures can be
fabricated; as a matter of fact, TFTs were firstly introduced in Liquid-Crystals
Displays. Moreover, different geometries can be implemented by properly
choosing the sequence of operation in the fabrication process: according to the
position of the gate electrode with respect to the semiconductor layer, bottom
gate or top gate TFTs can be fabricated. Each of these structure may also
be top contact or bottom contact as a function of the position of source/drain
electrodes with respect to the semiconductor. All these geometries are reported
in Figure 1.14(b).
According to the employed semiconductor layer, several kind of TFTs can be
defined. A simple classification can be done by distinguish between TFTs
employing inorganic semiconductors (Inorganic TFTs, ITFTs) and the ones
based on organic materials (Organic TFTs, OTFTs).
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1.3.1 FET-based devices for biochemical sensing
The very first transduction mechanism employed in bioFETs was related to the
field effect itself. In standard MISFETs, the relationship between field effect
and output current is described in terms of threshold voltage, VTH , which is
the lowest voltage to be applied to the gate terminal to determine a current
flow between source and drain. The threshold voltage can be written as
VTH = 2ψB +
√
4ψBqεSNB
CINS
+ VFB (1.17)
where 2ψB is the surface potential, q the elementary charge, εS the dielectric
constant of the semiconductor, NB the bulk doping concentration and CINS
the insulator capacitance per area unit. The last term, namely flat band voltage
(VFB), is mainly related to the energetic characteristic of the metal-insulator-
semiconductor interface: being φms the difference between the working functions
of metal and semiconductor respectively, and QTOT the sum of the different
kind of charge sources in the structure, the flat band voltage can be written
as
VFB = φms − QTOT
CINS
= φms − Qf +Qit +Qot +Qm
CINS
(1.18)
when the charge contribution are distinguished in fixed charge in the oxide
(Qf ), trapped charge at the insulator-semiconductor interface (Qit) and inside
the oxide (Qot) and mobile ions (Qm). The flat band voltage is particularly
relevant to obtain a biochemical sensor from a FET: in fact, if all the re-
maining terms in VTH are related to the initial choice of the materials, the
flat band voltage incorporates a dependence on charge distribution at the
insulator/semiconductor interface which can be employed for sensing. Quite
obviously, as this interface is not accessible in standard MISFETs, a modifica-
tion of the structure is mandatory in order to expose it to the environment.
This can be done, without losing the overall behaviour of the transistor, by
changing the metal-insulator interface in an electrolyte-insulator interface: in
this case, an Electrolyte-Insulator-Semiconductor FET (EISFET) is obtained.
The main idea is depicted in Figure 1.15: the gate is substituted by an elec-
trode/electrolyte system; in order to ensure that the voltage of the electrolyte is
exactly the same of the electrode, a nonpolarizable materials (like for reference
electrodes in electrochemical cells) must be employed.
ISFET: device structure and working principle
The first example of EISFET for biochemical sensing is represented by the Ion
Sensitive FET (ISFET), proposed by Bergveld and co-workers in 1970 [15]. It
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Figure 1.15: From MISFET (a) to EISFET (b) structure.
implemented the basic structure of the EISFET as in Figure 1.15(b) in order
to obtain a sensor for ion concentration in solution. The sensitivity of the
ISFET is related to chemical groups that natively cover the surface of many
insulating materials employed in silicon processes, as silicon dioxide (SiO2),
alumina (Al2O3), titanium oxide (TiO2) and tantalium pentoxide (Ta2O5).
For this structure, the flat band voltage is given by
VFB = (EREF + ϕij)− (ϕeo − χe)− φSi
q
− Q0
CINS
(1.19)
where EREF is the potential of the reference electrode with respect to the
vacuum level, ϕij is the voltage drop between solution and electrode, ϕeo is
the voltage drop between solution and insulator, χe is the voltage related to
surface dipoles, φSi is the silicon working function, Q0 and CINS are charge
and capacitance per area unit of the insulating layer. In particular, ISFET
was originally proposed for pH sensing, i.e. as sensor for H+ concentration in
solution. The final sensitivity of the device can be demonstrated according to
the model developed in van Hal et al. [16]: hydrogen ions are distributed in
the solution according to the Boltzmann’s law,[
H+
]
S
=
[
H+
]
B
exp
(
−qϕeo
kT
)
(1.20)
being H+S and H
+
B the hydrogen ions’ concentration at the insulator surface
and in the bulk of the solution respectively, k the Boltzmann’s constant and T
the absolute temperature. The dependence of the ϕeo from the pH in solution
is given by inverting the previous equation,
ϕeo = 2.3
kT
q
[pHS − pHB ] (1.21)
In particular, the variation of ϕeo with pHB can be written as
dϕeo
dpHB
= 2.3kT
q
[
dpHS
dpHB
−
]
= 2.3kT
q
[
dϕeo
dpHB
dpHS
dϕeo
− 1
]
(1.22)
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and then
dϕeo
dpHB
= 2.3kT
q
1
2.3kTq
dpHS
dϕeo
− 1 (1.23)
The variation of ϕeo with pHS depends on the capability of the chemical groups
at the insulator surface to take up or release H+ as a response to increase or
decrease of pH, respectively; this is represented by the so-called buffer capacity,
β. If CS is the surface double-layer capacitance, the previous equation can be
written as
dϕeo
dpHB
= 2.3kT
q
1
2.3kTq
(
−CSqβ
)
− 1
= −2.3kT
q
α (1.24)
where
α = 1
2.3kTq2
CS
β + 1
(1.25)
The adimensional parameter α can theoretically assume all the values between 0
and 1, and it is maximised if β  CS , i.e. if oxides with sufficiently higher buffer
capacity are employed. For instance, a maximum sensitivity of 48 mV pH−1
(α ≈ 0.8) can be obtained with silicon dioxide; the maximum sensitivity reached
so far is 58 mV pH−1 (α ≈ 0.97) if tantalium pentoxide is employed.
From ISFET to bioFETs
During the Seventies and the Eighties, several ISFET-based bioFETs have been
proposed and investigated, which can be classified into two many groups:
• indirect sensing devices: a common ISFET is employed to detect
biochemical reactions which determine pH variations in the environment;
• direct sensing devices: the surface of the insulator is modified with
biochemical receptors in order to define the selectivity of the device.
In the first group, Enzyme-modified FETs (EnFETs) represent the very first and
more investigated evolution of basic ISFET pH sensors. In this case, an enzyme
membrane is anchored onto the gate insulator: as during enzymatic reactions
either products are generated or reactants are consumed, the underlying ISFET
can be employed to monitor changes in the ion concentration in the environment.
Hence, a corresponding change of the ISFET signal can be correlated with the
original analyte concentration. Such working principle was originally proposed
by Janata and Moss in 1976 [17], and demonstrated by Caras and Janata in
1980 [18] for penicilline sensing. So far, a wide range of EnFETs have been
reported for the detection of several kind of the analytes, including glucose, urea,
penicillin, ethanol, lactose, sucrose, maltose, ascorbic acid, lactate, acetylcholine,
organophosphorus pesticides, formaldehyde and creatinine. Nevertheless, the
diffusion of EnFETs to a market size is still scarce. This is mainly related to
1.3. Electronic biosensors: bioFETs 29
Figure 1.16: (a) The EnFET-based system for urea real-time monitoring in [19]; (b)
real-time response of the device (peaks are artefacts related to the calibration of the
dialysis system); in the insert, calibration curve with respect to urea concentration in
different measurement solutions is shown.
several limitations that affects their performances, including the dependence
of the sensor response on buffer capacity, ionic strength and pH of the test
sample, the relatively slow response and recovery times, the operating and
storage stability, and the incompatibility of most used enzyme-containing layer
deposition and patterning methods with silicon integrated circuit technology.
Recently, Sant et al. proposed one of the few examples of commercially-
conceived EnFET [19]: the design, fabrication process and application make
the prototypes feasible to integration in dialysis systems for urea real-time
monitoring. The device, shown in Figure 1.16(a), consists of two EnFETs
integrated into a fluidic system: one device is modified with an enzymatic
membrane by post-processing ink-jet printing, while a second one acts as pure
pH sensor in order to compensate unspecific variations in the measurement
environment. In Figure 1.16(b), the response of the device in terms of output
voltage variations is shown.
In the same field, biosensors that employ living cells as bioreceptors has been
investigated. Cells are continuously integrating different sources of chemical
and physical signals originating from both internal and external environments.
The "output" of this cellular signaling network may then be manifested as a
decision about growth and mitosis, as the activation of distinct metabolic path-
ways, the production and release of proteins or the initiation of programmed
cell death. Consequently, different applications for cell based FETs (CellFETs)
can be reported, especially for drug screening and environmental monitoring.
The main transduction mechanism is the so-called extracellular acidification:
after an external receptor stimulation the quantity of receptors that can be
produced by a single cell (∼ 108 per second in normal conditions) will be
raised to between 10 and 100% depending on the cell type, the receptor and
the coupling pathway. When the ion pump in the cell membrane is stopped,
the produced protons accumulate and acidify the extracellular medium. Thus,
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Figure 1.17: (a) The cell biology of extracellular acidification [22]; The on-chip
system in [21](b), and the results to cell treatment with CAA in terms of oxygen
consumption (c), extracellular acidification (d) and electrical impedance for cell
adhesion (e).
changes in the extracellular acidification rate caused by different external stim-
uli (e.g., by addition of drugs or toxic agents to the medium) can be detected
by the underlying pH-sensitive ISFET. As cells respond to external stimuli
with a parallel activation of different signalling pathways (Figure 1.17(a)),
the measurement of the sole acidification rate is often insufficient for a clear
interpretation of different effects on living cells. Different examples of cell
assays, on which several sensing elements are integrated, have been proposed so
far in literature [20]. For instance, in Brischwein et al. [21] a multiparametric
silicon sensor chips combining potentiometric, amperometric and impedimetric
microsensors were integrated on-chip in a cell culture surface (Figure 1.17(b)).
In particular extracellular acidification rates (with ISFETs), cellular oxygen
consumption rates (with amperometric electrode structures) and cell mor-
phological alterations (with impedimetric electrode structures) are monitored.
Figures 1.17(c)-(d) show the sensors response when the cells are treated with a
specific metabolite of anticancer drug, namely chloroacetaldehyde (CAA). In
particular, the rate of oxygen consumption (c) and of extracellular acidification
(d) declined; moreover, changes in the impedance value indicate a gradual loss
of cell adhesion to the chip substratum (e), thus demonstrating the reduction
in the cell activity.
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Figure 1.18: (a) The GenFET presented in [23] and (b) the obtained sensitivity to
different amounts of DNA target sequences in the measurement buffer.
Just as for electrochemical sensors, direct biosensing is generally preferable in
terms of easiness of biochemical processes and interpretation of the results. For
this reason, a big effort is expended to the design and developing of bioFETs
for the transduction of characteristic properties of biomolecules, such as their
inner charge. In particular, two main examples of direct bioFETs can be
invoked: Gene-modified FETs (GenFETs) and immunologic-modified FETs
(ImmunoFETs or IMFETs). Oligonucleotides and antibodies are common
examples of complex biological molecules characterized by an intrinsic charge,
thus being employable as fixed charge on the insulating layer of the ISFET.
The GenFET was first introduced by Souteyrand and co-workers [23]: if
single-stranded DNA oligonucleotides are used as probes anchored onto the
gate insulator, hybridization determines the binding of the target sequences.
As a consequence, the negative charge immobilized onto the insulating layer
increases, thus bringing to a variation of the output current of the device. In
Figure 1.18, the device structure and the sensitivity of the device to different
amount of DNA target sequences are shown.
The basic idea behind ImmunoFET working principle, originally proposed by
Schenck et al. [24], is similar to the one proposed for the GenFET. In this case,
antibodies are used as probes for antigen detection: when antigen-antibody
reaction occurs, the charge distribution in the antibody is modulated, and such
a modulation can be detected by flat-band variation in the transistor. Although
the simplicity of the working principle, no satisfactory results have been so
far obtained: in the late Eighties, Gotoh et al. [25] reported gate voltage
variations of about 2 mV as a response to Human Serum Albinum (HSA)
by modifying the ISFET with a polyvinyl-butyral membrane containing its
antibody, but an exhaustive explanation of the result was missing. Better results
have been reported for indirect ImmunoFETs: if enzyme-labelled antigens are
employed and the immunologic response occurs, an EnFET can be employed
to detect the enzymatic reactions of the label in the enzyme substrate. For
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Figure 1.19: Examples of ImmunoFET: (a) direct sensing to different concentration
of HSA (0.01 mg/ml, 0.1 mg/ml, 1 mg/ml, from A to C respectively) [25]; (b) indirect
sensing of β-Bungarotoxin (β-BuTx) employing an enzyme label and recording the
enzymatic reaction instead of the direct charge of the antigen-antibody system [26].
instance, Selvanaygam et al. proposed an ISFET-based immunosensors for the
quantitation of β-Bungarotoxin (β-BuTx), a potent presynaptic neurotoxin from
the venom of Bungarus multicinctus [26]. An antibody (mAb 15) specific to β-
BuTx was immobilized on the gate area, and the antigen-antibody reaction was
monitored by the addition of urease-conjugated rabbit anti-β-BuTx antibodies.
The sensor detected toxin level as low as 15.6 ng/ml.
Potentialities and limitations to the diffusion of EISFET-based LoCs
bioFETs
Although the feasibility of EISFET-based devices to biochemical sensing have
been widely demonstrated, their diffusion at a market size has been so far
limited. In order to represent an attractive alternative to standard, bulky
instrumentation, the integration of bioFETs in silicon-based LoCs is pratically
mandatory. Even if the integration with standard silicon technologies is theo-
retically easy, the need of a reference electrode is, just as for electrochemical
sensing, the strongest issue to be solved. Moreover, the achievement of effective
high parallelization is related to selective modification of the sensing pixels;
so far, an exhaustive demonstration of the up-scaling to industrial size of
laboratory modification techniques is missing.
In addition, a strong limitation to direct sensing of electrically-charged molecules
with field-effect devices is related to the ionic strength of the electrolyte: the
higher is the ionic strength, the larger is the screening effect on the intrinsic
charge of the molecules by the free ions in solution. The screening effect is
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Figure 1.20: The effect of Debye length in the detection ability of bioFETs [22].
generally described by introducing the Debye length,
δ =
(
ε0εrkBT
2NAe2I
)1/2
(1.26)
where ε0 is the electrical permittivity of the vacuum, εr is the relative di-
electric constant of the solution, kB the Boltzmann constant, T the absolute
temperature, NA the Avogadro number, e the elementary charge and I the
ionic strength of the solution,
I = 12
N∑
i=1
ciz
2
i (1.27)
being ci and zi the concentration and the charge number of each i-th ionic
species in solution, respectively. According to the definition, only the molecular
charge located within the Debye length from the sensing surface of the device can
contribute to the field-effect modulation, while the charge that lies beyond the
Debye length is completely screened. As a consequence, the charge associated
with large macromolecules, such as oligonucleotides and antibodies, can be
electrically detected only in solutions with a very low ionic strength (see Figure
1.20), i.e. in conditions that are very different from those of reactions occurring
in vivo. This is therefore considered as a strong limitation to the potential of
these devices for a reliable detection.
When such limitations are overcome and the potential advantages of bioFETs
are entirely exploited, absolutely impressive results can be obtained. This is
the case of the genomic sequencing systems proposed in 2011 by Rothberg
and co-workers [27]: a chip family in a standard 0.35 µm CMOS process,
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Figure 1.21: (a) The chip system in [27] with microfluidic system; (b) microphoto-
graph of the chip, and (c) cartoon of the ISFET-based sensing element and working
principle; (d) circular genome plot for the sequencing of the human genome of Gordon
Moore.
hosting up to 17 millions sensing pixels, has been proposed. As shown in
Figure 1.21(c), the sensing element is a modified ISFET structure: the pH
sensitivity is achieved using tantalium pentoxide as gate insulator, but the
direct interface with the semiconductor is substituted with a buried floating
gate. The system is completed with a microfluidic system for bringing the test
solutions to sensing sites, consisting on wells located over every ISFET. DNA
strands to be sequenced are fragmented, ligated to adapters and amplified
onto beads. Sequencing primers and DNA polymerase are then bound to the
templates and pipetted into the chip’s loading port. Individual beads are
loaded into individual sensor wells by spinning the chip in a desktop centrifuge;
well depth was selected to allow only a single bead to occupy a well. When
the beads are located, a solution containing the single nucleotides is flowed in
the microfluidic system; all four nucleotides are provided in a stepwise fashion
during an automated run. When the nucleotide in the flow is complementary to
the template base directly downstream of the sequencing primer, the nucleotide
is incorporated into the nascent strand by the bound polymerase. This increases
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the length of the sequencing primer by one base and causes the net liberation of
a single proton for each nucleotide incorporated during that flow. The release of
the proton produces a shift in the pH of the surrounding solution proportional
to the number of nucleotides incorporated in the flow (0.02 pH units per single
base incorporation). This is detected by the sensor on the bottom of each well,
converted to a voltage and digitized by off-chip electronics. Interestingly, no
reference electrode is needed: the pH registered by each ISFET in a floating
mode is registered, and the pH variation during the sequencing is considered.
The correct operation of the system has been verified by sequencing the DNA of
three bacterium (Vibrio fisheri, Escherichia coli, Rhodopseudomonas palustris)
and the one of the scientist Gordon Moore: in particular, Figure 1.21(d) shows
the circular genome plot obtained in this last case.
1.3.2 Inorganic TFT-based bioFETs
The TFT technology was originally conceived for amorphous silicon (a-Si),
which is a non-crystalline, allotropic form of silicon that can be easily deposited
in thin-film at relatively-low temperature on a variety of substrates. Although
amorphous silicon TFTs had been mainly introduced for display technology,
some examples of bioFETs employing this structure have been reported in
literature. Typically, the ISFET working principle is employed, just as seen
for standard transistors. For instance, in Gonçalves et al., the employment of
a-Si TFT for the detection of DNA hybridization and molecule adsorption is
investigated [28]. The device is shown n Figure 1.22(a): a n-channel transistor
was fabricated, and an Ag/AgCl reference electrode was employed. As shown in
Figure 1.22(b), after DNA probe immobilization and hybridization, a negative
shift of the gate voltage, corresponding to a decrease of the threshold voltage of
the device, was obtained. This is not consistent with the fact that negatively-
charged oligonucleotides should attract positive charges in the channel, thus
bringing to an increase of the threshold voltage. The authors suggested that
the device could be unable to detect the inner charge of DNA molecules, but
sensitive to the positive counter-ions that shields the DNA molecules; this
hypothesis was supported by the analysis of the zero-point-charge of the a-
Si surface (pHzpc, i.e. the pH value at which the surface is neutral). As
further demonstration of the proposed model, the physical absorption of both
positively and negatively charged molecules was investigated (1.22(c)-(d)).
When negatively charged molecules as DNA and GFP (Green Fluorescent
Protein) were absorbed, the positive counter-ions determined an increase of
negative charge in the channel, and so to a negative shift of the threshold
voltage. On the contrary, when a positively charged protein was employed
(horseradish peroxidase, HRP), the negative counter-ions induced a positive
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Figure 1.22: a-Si TFT as DNA and molecular absorption sensor [28]: (a) device
structure and picture; (b) DNA hybridization sensing; (c) response to absorption of
negative and positive molecules and (d) correspondent sensitivity model.
charge in the channel, thus bringing to an increase of the threshold voltage.
Despite the fact that ISFET working principle can be implemented in ITFT,
the main advantage of such technology is related to the possibility of employing
different transduction mechanism; for instance, mechanisms that doesn’t need
a reference electrode may be implemented. In particular, the integration of
TFT with inorganic nanomaterials, such as nanowires, has been thoroughly
explored in the last years. The main reasons behind the rising interest on
nanowire TFT (NWTFT)-based bioFETs involve technological and sensing
aspects. For instance the employment of one-dimensional materials as active
channel of transistors allows the overcoming of short channel effects, thus
bringing to an easier scaling-down of the overall transistor dimensions without
affecting the performances of the device. From the sensing point of view,
the dimensions of nanomaterials (∼ 1− 100 nm) provide a perfect feature to
in-scale investigation of the most of biological entities, as nucleic acids, proteins,
viruses, and cells. Moreover, some particular nanomaterials with surfaces
that are easily chemically modified have made them significant candidates for
nanoscale sensing applications.
Among the different materials, metal-oxides and inorganic semiconductor
represent a quite obvious choice for easily integrate nanowires into electronic
devices. The most common method for integration is the so-called "bottom-up"
fabrication process (Figure 1.23(a)): the nanowires are growth on a substrate
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Figure 1.23: Fabrication techniques of nanowire-based TFTs: (a) "bottom-up"; (b)
"top-down" [29].
different than the one of the final device, typically by means of vapour deposition
of the precursors and metal-assisted catalysis, and then transferred by liquid
phase. The nanowires must be aligned: typically, liquid-phase techniques
as Langmuir-Blodgett deposition, soft lithography, inkjet printing and flow-
assisted alignment are employed. Finally, source and drain electrodes are
defined by lift-off photolithographic technique. As an alternative, a "top-down"
fabrication process can be employed (Figure 1.23(b)): in this case, the nanowire
is obtained by an high resolution lithographic process of a previously deposited
film, in order to obtain a one-dimensional structure.
The sensing mechanism of NWTFT-based bioFETs is mainly related to field-
effect modulation: the inorganic nanowire is functionalized with the biorecep-
tors, which inner charge amount or distribution is influenced by the reaction
with the analyte. As a consequence, a modulation of charge carriers distribution
inside the nanowire is determined, thus bringing to a variation of its conduc-
tance and, consequently, of the output current. Interestingly, no reference
electrode is needed in this case, as a bottom gate structure can be employed
to bias the transistor. So far, several examples of EnFETs, ImmunoFETs
and GenFETs in NWTFT technology have been proposed. For instance, in
Liu et al., an EnFET for uric acid concentration quantitation has been pre-
sented [30]. An ultra-long (∼ 1 mm) zinc oxide (ZnO) nanowire was employed
as channel for the device, and functionalized with uricase in order to obtain
the required selectivity (Figure 1.24(a)-(b)). As shown in Figure 1.24(c), the
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Figure 1.24: ZnO nanowire-based TFT in [30]: (a) device structure; (b) image of
the ZnO nanowire between source/drain contacts; (c) device response to different con-
centration of uric acid in the measurement solution in terms of conductivity variation;
(d) device selectivity to uric acid demonstrated by recording the negligible variation
in the output current when lactate and glucose are inserted in the measurement
solution.
device’s conductivity is modulated by the increase of the concentration of uric
acid in solution: in particular, the increase of H+ concentration deriving from
uricase-uric acid reaction determines the increase of the local pH in the solution.
Changes in the local hydrogen ion concentration alter the surface potential
and, hence, the electric field which modulates the conductance. The selectivity
was finally verified by inserting lactate e glucose in the measurement solution:
as shown in Figure 1.24(d), a significant variation in the output current was
obtained only in uric acid is inserted. A very clear example of NWTFT for
biosensing has been proposed in 2005 by Zhang and co-workers [31], which
proposed a multiplexed, silicon nanowire TFT (SiNWTFT) based system for
the detection of cancer markers and telomerase activity. The device integrate
both ImmunoFETs and GenFETs; the lasts are particularly used for moni-
toring the activity of a protein, namely telomerase, which is thought to be
responsible for cancer cell’s replication. In a sane cell, the polymerase protein
is responsible for DNA replication during the cell mitosis; at every replication,
the final part of the gene, namely telomer, which allows the maintenance of
the gene structure, is progressively shorten. When the telomer is completely
lost, the correct replication of DNA is impossible, and the mitosis ends. In
a cancer cell, the polymerase is substituted by the telomerase, which can
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Figure 1.25: The SiNWTFT-based system for real-time monitoring of cancer mark-
ers and telomerase activity in [31]: (a) modification of three p-type SiNWTFTs with
antibodies for f-PSA (NW1), CEA (NW2) and mutin-1 (NW3); (b) conductance
variations when all the device where rinsed with solution containing different concen-
tration of PSA ((1) and (2)), CEA ((3) and (4)) and mutin-1 ((5) and (6)); working
principle of the telomerase protein (c); (d) conductance variation for two different
p-type SiNWTFTs (red and blue curves) to the introduction of telomerase ((1) and
(3)) and to its activity when all the four kind of nucleotides (2) and just cytosine (4)
are inserted.
replicate DNA without shortening the telomer. It is generally accepted [32]
that future efficient anti-cancer therapies could be based on the inhibition of
the telomerase activity, thus shining a light onto user-friendly, fast, highly
parallel and low cost instrumentation for telomerase activity detection. In
Figure 1.25(a)-(b), the employment of the device for the simultaneous detection
of three different cancer markers, namely free Prostate Specific Antigen (f-PSA,
for prostate tumour), Carcinoembryonic antigen (CEA, for colon carcinoma)
and mucin-1 (for breast and ovarian tumours), is shown. Three different p-type
SiNWTFT were functionalized with the specific antibody for f-PSA (NW1),
CEA (NW2) and mucin-1 (NW3), and their conductance was evaluated in
real-time by multiplexing the readout circuitry between them. The response of
the devices to the introduction of the antigens is particularly shown in Figure
1.25(b): in sequence, 0.9 ng/ml f-PSA (1), 1.4 pg/ml f-PSA (2), 0.2 ng/ml
CEA (3), 2 pg/ml CEA (4), 0.5 ng/ml mucin-1 (5), and 5 pg/ml mucin-1 (6)
were introduced in the measurement solution. Noteworthy, a perfect selectivity
was obtained: NW1 responded only to f-PSA ((1) and (2)), NW2 only to CEA
((3) and (4)) and NW3 only to mutin-1 ((5) and (6)). Moreover, a correct
dependence to the amplitude of the response to the quantity of antigen in
solution was obtained.
In Figure 1.25(c)-(d), a example of the application of the device for telomerase
activity monitoring is shown. Different p-type SiNWTFTs were modified with
DNA probes, on which telomerase can bind to start the elongation process. In
particular, Figure 1.25(d) shows the variation in the conductance of two different
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sensors (red and blue curves) after the introduction of telomerase ((1) and (3),
for the first and the second sensor respectively) and after the introduction of
all the four kind of nucleotides ((2) for the first sensor) and of only the cytosine
((4) for the second sensor). A first reduction of the conductance was registered
for both SiNWTFTs as a consequence of the positively-charged telomerase,
which, binding to the DNA probes, reduce the total negative charge anchored
onto the nanowire. Telomerase can elongate the DNA probes only if all kind of
nucleotides are in the solution: consequently, an increase of the conductance of
the first sensor was recorded as a consequence of the DNA probes elongation,
while no further significant variation were obtained from the second one.
The previously reported examples demonstrate that some drawbacks of bioFETs
based on classic MISFET structures can be overcome by the employment of
inorganic nanowire-based devices, such as the necessity of the reference electrode.
Nevertheless, as the field-effect modulation is in any case influenced by the
Debye length in the measurement environment, the application of ITFTs in
conditions significantly similar to in vivo has been so far impeded.
1.3.3 Organic TFT-based bioFETs
The number of examples of electronic and optoelectronic devices based on
organic materials has become larger and larger in the last years. Following the
impressive development in the optoelectronics field [33], organic semiconductors
are now experiencing a significantly increasing trend of interest for their poten-
tial application in the field of biochemical sensors [34]. Several advantages can
be invoked in the development of organic materials for the fabrication of organic
transistors: especially for small molecular and polymeric semiconductors, low
cost and large area processes can be employed for the fabrication of devices on
flexible, transparent plastic substrates, thus being particularly interesting in the
field of disposable sensors for field kits. Moreover, importantly for biochemical
sensing, the interaction between biological molecules and organic materials is
typically stronger, easier to set up and more prone to the the realization of
label-free sensing than the one that can be formed with inorganic materials.
As different chemical and physical techniques can be employed for depositing
the semiconductor layer, and all the structures in Figure 1.14 are theoretically
feasible for the fabrication of TFT-based structure, OTFTs implement the
multi-parametric sensing abilities of bioFETs at their best. In the following,
some of these mechanism will be considered.
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Charge injection modulation
As already mentioned, charge carriers in TFTs are mainly related to the
injection/extraction from/to source and drain electrodes, i.e. to the energetic
band structure at the metal/semiconductor interface. Changing the metal
work function by means of functionalization of source and drain with organic
molecules is a common procedure for OTFTs [35, 36] for influencing the charge
injection/extraction. As the variations in the electrical performances of OTFTs
can be quantified and directly related to the characteristics of the considered
molecules, the modulation of charge injection/extraction can be employed as
transducing mechanism. For instance, in Yan et al. [37], such sensing mechanism
was employed for DNA hybridization sensing. The basic structure of the sensor
is a bottom gate bottom contact OTFT, fabricated onto an n + −Si/SiO2
substrate, employing gold as metal for source and drain contacts. Poly(3-
hexylthiophene) (P3HT) was chosen as organic semiconductor. Three different
devices were employed for DNA sensing: the first one acted as control device,
i.e. no modification of source and drain electrodes was performed. Source
and drain of the other two devices were modified with single-stranded DNA
molecules; hybridization of the DNA strands with the complementary target
oligonucleotides was performed on one device. All the devices were finalized
with drop-casting of P3HT; the overall process is reported in Figure 1.26(a).
The evolution of the transfer characteristics of the device with time is reported
in Figure 1.26(b) (after 4 hours) and 1.26(c) (after 48 hours): consequently
to probe hybridization, the contact resistance at the metal/semiconductor
interface increased, thus bringing to a reduction of the output current as a
consequence of the increase of the mobility in the semiconductor film (Figure
1.26(d)).
Despite the innovativeness of the approach, some drawbacks have so far limited
the employment of such a transducing mechanism. First of all, such an approach
is feasible only for measurement in dry state, which is an unlikely condition
for a lot of biological molecules. Particularly for this example, as drop-casting
is a low reproducible technique, decoupling the effect of DNA molecules from
differences in the semiconductor film formation in different samples is not
trivial.
Morphology variation
The charge carrier mobility in OTFTs is meanly related to the morphological
characteristics of the organic semiconductor film [38, 39]. As the mobility
directly influences the output current of the device, using the semiconductor
morphology as transducing element can be very efficient: several examples of
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Figure 1.26: (a) Fabrication process of the DNA hybridization sensors in [37]; (b)
variation in the output current of control, functionalized and hybridized devices after
4 hours; (c) output current after 48 hours; (d) time variation in the mobility of
functionalized and hybridized devices.
mechanical sensor based on this sensing mechanism is widely employed for
mechanical sensing by fabricating the devices onto flexible (and so deformable)
substrates [40,41]. The application of such working principle to biochemical
sensing has been mainly explored by the group of Prof. Luisa Torsi of University
of Bari (Italy). For instance, in Angione et al. [42], a class of OTFT-based
bioFETs, namely Functional BioInterlayer Organic FETs (FBI-OFETs), is
proposed. The main innovation with respect to other bioFETs is related to the
insertion of a biological layer between the gate insulator and the semiconductor
in a bottom-gate top-contact structure (Figure 1.27). In this case, the analytes
to be investigated diffuse through the semiconductor layer and reach the FIB; as
a consequence of the receptor/analyte interaction, the morphological features of
the FIB change, thus bringing to morphological variation of the semiconductor
deposited onto it. In particular, P3HT was chosen as p-type semiconductor,
and three different materials were investigated as FBI:
• phosphatidylcholine (PL), which is one of the major components in
cell membrane;
• PM, which is a layer of PL containing the sole bacteriorhodopsin (bR)
protein;
• streptavidin, which is a protein with high affinity to biotin; the strep-
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Figure 1.27: The Functional BioInterlayer OFET structure presented in [42]: (a)
response to halotane of a phosphatidylcholine (PL) layer; (b) response to halotane of
a PL layer containing bacteriorhodopsin (bR) protein; (c) response to biotin using a
streptavidin-based FIB.
tavidin/biotin system is one of the most used biological benchmarks, as
several proteins can be modified with biotin without losing their function-
alities (biotinylation), and the link with streptavidin can be consequentely
used for protein capture.
In Figure 1.27, the results of the tests are reported: in particular, the response
of PL-OFET (Figure 1.27(a)) and PM-OFET (Figure 1.27(a)) to halotane,
which is a common medical anaesthetic, was explored. As a consequence of
the halotane diffusion, the disorder in the PL film increased, thus bringing
to a decrease of the current. On the contrary, when PM was employed,
an increase of the current is recorded: this is related to the fact that bR
proteins release H+ ions as response to halotane, and this positive ions directly
contributed to the charge carrier density of the device active layer. Finally,
the streptavidin/biotin interaction was investigated (1.27(c)): a reduction
of the current was obtained, as a consequence of the increasing disorder in
the FIB film. Although the results proposed are absolutely interesting, some
significant drawbacks can be stressed. Especially for this approach, depositing
the organic semiconductor over the FIB determines a reduction of the actual
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number of employable organic semiconductor: the deposition must be not
destructive for the underlying molecular layer, and the semiconductor itself
must be permeable to the investigated analytes. Moreover, other limitations,
that are typically general for organic transistor-based bioFETs, can be noticed.
Firstly, a direct exposure of organic semiconductor to analytes can affect the
stability of the electrical performances of the device and the robustness of the
results, as mobility can vary also for a direct interaction between analytes and
organic semiconductor. Moreover, the device structure is characterized by high
operating voltage, which are a consequence of the typically low mobilities in
organic semiconductors (∼ 10−4 ÷ 10−2 cm2V −1sec−1): high electric field can
affect the stability of the biomolecules and their interaction with the organic
semiconductor.
Field-effect modulation
As for the other kinds of bioFETs, field-effect modulation represent the standard
transduction mechanism for OTFT-based devices. Nevertheless, the wide
number of employable materials and structures for the fabrication of OTFTs
allow the implementation of field-effect modulation in different ways. In general,
two main classes of devices can be identified:
• solution-gated OTFTs: the gate or gate/insulator system is repre-
sented by an electrode in an electrolytic solution; this includes ISFET-
based structure, and electrolytic-gate OFETs (EGOFETs), which are
based on an metal-electrolyte-semiconductor capacitor;
• backgated OTFTs: the device is in a bottom gate configuration, thus
being its polarization given by a metallic gate decoupled from the mea-
surement environment; among this, devices working both in the dry and
in the wet state can be considered.
Just as for ITFTs, the ISFET working principle can be implemented for OTFTs
as well. For instance, Bartic and co-workers presented a bottom contact
device, namely Ion-Sensitive Organic FET (ISOFET), that can be employed
as glucose sensor [43]. Tantalium pentoxide was used as gate insulator in order
to reach the maximum sensitivity to pH variations related to the activity of
glucose oxidase, anchored onto its surface by means of a silanization procedure
(Figure 1.28(c)). The response of the sensor in terms of variation in the
output characteristic curve is shown in Figure 1.28(d): as a response to the
increasing of H+ concentration, chemical groups on the tantalium pentoxide
interface protonate, thus attracting negative charges in the channel area of the
transistor. Being P3HT a p-type semiconductor, a reduction of the output
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Figure 1.28: Indirect glucose sensing with organic ISFET (ISOFET): (a) device
structure and (b) measurement setup; (c) modification of the tantalium pentoxide
with glucose oxidase by means of a silanization process; (d) variation in the output
characteristic curves of the device as an effect of glucose insertion; (e) variation in
the output current as a function of glucose concentration in solution [43].
current is consequently obtained, proportionally to the glucose concentration
in the solution (Figure 1.28(e)).
A similar approach is the one of EGOFETs: in this case, the electrolyte itself
acts as insulator, and the reference electrode is used to generate the gate
bias. Such an approach has been demonstrated feasible for the fabrication of
bioFETs with several semiconductor materials. For instance, in Stine et al. an
EGOFET employing reduced graphene as semiconductor layer was presented
[44]. Graphene has attracted strong scientific and technological interest in recent
years in many applications, such as electronics, energy storage and conversion,
and bioscience/biotechnologies because of its unique physicochemical properties:
high surface area (theoretically 2630 m2g−1 for single-layer graphene), excellent
thermal and electric conductivity, and remarkable mechanical strength. In
this example, DNA hybridization detection was performed. As shown in
Figure 1.29(a), when DNA strands complementary to the probes anchored
onto the graphene film are employed, an increase of the current was obtained;
when the same target sequences were injected onto a control device, modified
with different probes, no significant variations were obtained. Interestingly, a
calibration with respect to target concentration in solution was performed, and
a detection limit of about 2 nM was extrapolated. More recently, Kergoat and
46 1. Biosensors: Definition and Classification
Figure 1.29: Electrolytic Gate Organic FETs for biosensing: (a) reduced graphene
oxide OTFT as DNA hybridization sensor [44]: sensitivity with respect to oligonu-
cleotides complementary to th single-stranded probes (1) and calibration curve with
respect to target concentration in solution (2); (b) P3HT EGOFET [45]: modification
of the transfer characteristics after (1) immobilization of probes and (2) a blank
sample after soaking in a bath similar to (1) but without probes; transfer curves for
hybridization with (3) a complementary target and (4) a random target.
co-workers proposed an EGOFET based on P3HT, employing PBS or pure
water as electrolyte and a platinum wire as gate [45]. The negative charge
related to DNA molecules acted as screen with respect to the electric field
produced in the electrolyte by the reference electrode; as a consequence, a
reduction of the output current was obtained. In Figure 1.29(b), such an effect is
shown in terms of transfer characteristic curve variation: a significant difference
was recorded between a functionalized device (1) and a similar one soaked in a
similar bath but without probes (2), and between a sample hybridized with
complementary (3) and not complementary (4) target sequence.
As ISOFETs and EGOFETs suffer from the limitation already presented for
inorganic devices, mainly related to the needing of a reference electrode in
solution, back-gated devices have been diffusely investigated. In this case, the
device polarization is given by a bottom gate, and the organic semiconductor
(possibly coated) is employed as sensing element. The choice of the organic
semiconductor, and its possible modification, strongly influences the capability
of the device of efficiently operate in the environment. For instance, several
examples of DNA sensors based on pentacene have been presented. Pentacene,
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which is a polycyclic aromatic hydrocarbon consisting of five linearly-fused
benzene rings, is one of the most common p-type organic semiconductor;
nevertheless, as it easily oxidise in ambient conditions, a remarkable degradation
of its electrical properties is recorded upon air and light exposure. Such a
deterioration is dramatically worsened for high levels of humidity, thus limiting
the application of pentacene-based OTFTs to biosensing in the wet state. On
the contrary, the employment of pentacene in bioFETs operating in the dry
state has been widely demonstrated. For istance, in Zhang et al. [46] and in
Kim et al. [47], bottom-gate bottom-contact pentacene-based OTFTs have been
successfully tested for DNA hybridization detection. As shown in Figure 1.30(a)
and 1.30(c), a very similar device structure was employed, but significantly
different device responses were obtained. Zhang and co-workers reported an
increase of the output current after the immobilization of DNA molecules as an
effect of p-doping of the pentacene; in particular, the increase of the current is
higher after single-stranded DNA anchoring than after hybridization, as this last
process is less efficient than functionalization (Figure 1.30(b)). On the contrary,
Kim reported a decrease of the output current both after functionalization and
hybridization processes (Figure 1.30(d)). Such a difference may be explained
by looking at the thickness of the pentacene film: in Zhang et al., a very thin
(15 nm) film was employed, thus allowing DNA molecules to act as electron
traps; in Kim et al., the pentacene film was significantly thicker (70 nm), so
negatively-charged DNA molecules anchored on its surface attracted holes far
from the channel area.
As already mentioned, the wet state is more significant for biosensing, being
in vivo conditions related to liquid environments for the larger part of the
biochemical molecules. To a reliable operativity of back-gate OTFTs-based
devices in liquid, a proper choice of the semiconductor materials is mandatory.
For instance, carbon nanotubes are well known to be highly stable in liquid
environment: in Star et al. [48], a DNA hybridization sensor was presented. Just
for inorganic nanowires, the main transduction mechanism of carbon nanotubes
is related to conductance variation as a consequence of the molecular charge
anchored onto them: from Figure 1.31(a)-(b), a variation in the conductance is
recorded after functionalization, and after hybridization with complementary
targets (Figure 1.31(a)), while no significant variations can be extrapolated if
not complementary sequences were employed (Figure 1.31(b)).
Among the examples proposed so far in literature, a crucial role is played
by the DNA hybridization sensor proposed by Khan and co-workers [49].
The device is based on a bottom-gate, top-contact OTFT, using 5,5’-bis-(7-
dodecyl-9H-fluoren-2-yl)-2,2’-bithiophene (DDFTTF) as p-type organic semi-
conductor. Thanks to the significantly high mobility of the charge carriers
(0.5 cm2V −1sec−1), workability at low voltages (∼ 1 V ) can be obtained. In
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Figure 1.30: OTFT-based bioFETs operating in the dry state: (a)-(b) pentacene-
based DNA hybridization sensor in [46]: (a) structure and threshold voltage shift;
(b) variation in response of sensors with fractional concentration of hybridized DNA.
Five concentrations used in the experiment are: 0 (pure single-stranded DNA),
25, 50, 75 and 100% (pure double-stranded DNA); (c)-(d) pentacene-based DNA
hybridization sensor in [47]: (c) device structure; (d) transfer characteristic curves
recorded for a blank device, after functionalization and after hybridization with
different concentrations of target oligonucleotides.
order to improve the stability of the device performances in the liquid envi-
ronment, the semiconductor surface was coated with an ultra-thin (∼ 5 nm)
poly-maleic anhydride layer, on which peptide nucleic acid (PNA) probes
were anchored. PNA is an artificially synthesized polymer similar to DNA or
RNA, but electrically neutral; in this way, hybridization is facilitated as no
electrostatic repulsion between probes and target sequences is obtained. As
shown in Figure 1.31(d), when hybridization occurred, a decrease of the output
current was obtained, according to the same mechanism proposed by Kim and
co-workers. Interestingly, when a target sequence implementing the SNP was
employed, a lower current variation was obtained, as a consequence of a lower
hybridization efficiency.
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Figure 1.31: OTFT-based bioFETs operating in the wet state: (a)-(b) carbon
nanotubes-based device in Star et al. [48]: (a) device response to functionalization
and hybridization with complementary targets, compared with device response to
functionalization and hybridization with not complementary targets (b); (c)-(d)
the device proposed by Khan and co-workers [49]: (c) device fabrication (phases
from (1) to (4)), and current variation (I/Ibaseline, being Ibaseline the current before
hybridization) as a response to hybridization with complementary target sequences
and sequences implementig the SNP.
1.4 Conclusions
In the previous sections, several examples of electrochemical and electronic
biosensors were given. Despite the feasibility of electrochemical techniques for
biosensing has been largerly demonstrated, electronic biosensors, and especially
bioFETs, are generally considered the most promising candidates for substitut-
ing the bulky, expensive and complex instrumentation, mainly based on optical
sensing, which represent the standard for biochemical analysis. The advantages
of electronic approach over electrochemical one can be easily summarized:
• integration of materials and systems for electrochemical analysis in LoCs,
which is the best solution to increase the sensitivity range, is not as simple
as for bioFETs;
• direct detection of biomolecules through their intrinsic properties, as
electrical charge, is possible by means of different transducing princi-
ples, while electrochemical methods generally allow indirect biochemical
analysis;
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• bioFETs are multi-parametric device, thus allowing the employment of
different transducing mechanism;
• as amplification of the electrical signal coming from the receptors can be
performed, a relaxed design of the readout circuitry is possible.
Moreover, as field-effect transistors can be fabricated according to different
structures and technologies, different applications are possible for bioFETs.
Despite the theoretical potentiality of bioFETs, several challenges need to be
faced:
• for ISFET-based bioFETs, a reference electrode is needed, thus limiting
their integration in LoCs;
• for OTFT-based bioFETs, operating voltages and semiconductor stability
to environment are critical issues, especially for measurement in liquids;
• field-effect modulation, which is the most commonly employed transduc-
tion mechanism, is affected by the ionic strength of the measurement
solution; therefore, the application of bioFETs in vivo has been so far
impeded.
In order to overcome such limitations, thus allowing bioFETs to completely
exploit their potentialities, innovative device structures and transducing mech-
anisms must be found.
trick
2
The Charge Modulated
Field-Effect Transistor
In this chapter, an innovative bioFET structure, namely Charge-Modulated
Field-Effect Transistor (CMFET), will be discussed. The working principle
and the results so far reported in literature will be presented. An accurate
description of the ultimate implementations of the CMFET working principle
will be provided, thus defining a direct connection with the original research
activity in this thesis.
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52 2. The Charge Modulated Field-Effect Transistor
2.1 CMFET: model and basic working principle
In the early 2000s, the Electronic group at the University of Cagliari proposed
an innovative electronic biosensor, particularly conceived for overcoming the
main issues affecting the bioFETs so far presented in literature. The device,
namely Charge-Modulated Field-Effect Transistor (CMFET), was patented by
the National Council for Condensed Matter Physics and originally proposed by
Barbaro and co-workers in 2005 [50]. The basic structure of the CMFET is
reported in Figure 2.1(a): it is a floating gate FET, biased through a control
capacitor, with a modified layout in order to expose part of the floating gate to
the environment (active or sensing area). Such a structure can act as a sensor
for a surface charge, QS , anchored onto the sensing area; in the specific case of
biomolecules, such a bond is typically obtained by means of chemical groups
that act as an ultra-thin, insulating spacer.
The application of a voltage VCG and the surface charge QS determine a
redistribution of the charge in the floating gate, QF0, which is given by the
Gauss’ law,
QF0 = Qi (QS) +QCF +QCFB (2.1)
being QCF the charge induced by the control capacitor, Qi (QS) the charge
induced by the surface charge, and QCFB the charge related to the parasitic
capacitor determined by floating gate and bulk (CFB). If the dependence on
the voltages is make explicit, the last equation can be rewritten as
QF0 = Qi (QS) + CCF · (VFG − VCG) + CFB ·VFG (2.2)
or, equivalently,
VFG =
CCF
CCF + CFB
VCG +
QF0 −Qi (QS)
CCF + CFB
(2.3)
As usually done for floating gate transistors, the effect of different sources is
modelled as a change in the effective threshold voltage (VTHF ) of the transis-
tor,
VFG − VTH = CCF
CCF + CFB
VCG +
QF0 −Qi (QS)
CCF + CFB
− VTH =
≈ VCG −
(
VTH − QF0 −Qi (QS)
CCF + CFB
)
=
= VCG − VTHF
(2.4)
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Figure 2.1: (a) Basic structure of the Charge-Modulated Field-Effect Transistor;
simulation on the floating gate voltage dependence on control gate voltage (a) and
electric charge on the sensing area(b) for 2D and 3D models [50].
and so
VTHF ≈ VTH − QF0 −Qi (QS)
CCF + CFB
(2.5)
In the last equation, parasitic capacitors where considered negligible with
respect to the control capacitor. Moreover, if the spacer thickness is far lower
than the other insulating layer in the layout, a perfect charge induction on the
sensing area can be considered (Qi = −QS); in this case, the last equation can
be written as
VFG =
CCF
CCF + CFB
VCG +
QF0 +QS
CCF + CFB
(2.6)
According to this model, the floating gate voltage linearly depends on both
the control capacitor and QS according to coefficients that are reliant on the
fabrication process and the actual device structure. The effectiveness of the
linear model was demonstrated both in two and three dimensions: in the
2D-model, the section shown in Figure 2.1(a) was considered, as the electric
field in the structure can be considered essentially vertical. The 3D-model
was then calculated in order to include possible secondary effects (see Figure
2.1(b)-(c)).
Moreover, the sensitivity of the device in terms of threshold voltage shift is
strictly reliant on the capacitive structure of the device; consequently, an
accurate design of the device is mandatory in order to achieve the wanted
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Charge Sign Transistor Type PMOS NMOS
Positive |VTHF | > |VTH | |VTHF | < |VTH |
Negative |VTHF | < |VTH | |VTHF | > |VTH |
Table 2.1: Threshold voltage variation (in value) as a function of the sign of the
charge on the sensing area and the type of the transistor.
sensitivity. Interestingly enough, the final response of the device to a certain
charge can be defined by properly choosing the transistor type. For instance, a
negative charge on the sensing area determines a reduction (in value) of the
threshold voltage of an NMOS, but an increase (in value) of the threshold
voltage of a PMOS. On the contrary, a positive charge determines a reduction
(increase) of the threshold voltage value of a PMOS (NMOS). In Table 2.1,
these conditions are summarized.
The CMFET working principle can be employed for detecting of electrically
charged biochemical molecules in liquids. In fact, if a biochemical reaction
occurring in the measurement environment determines a variation of the charge
in the near proximity of the sensing area, a modulation of the threshold voltage
of the device, and so of its output current, is obtained. The specificity of
the device is obtained by functionalizing the sensing area with appropriate
bioreceptors. Interestingly, such transduction mechanism can be implemented
without needing a reference electrode in solution, which can be left electrically
floating. Moreover, by properly choosing the functionalization procedures, the
employment of standard materials for commercial production processes can be
possible.
2.2 CMFET-based sensors: a state-of-the-art
2.2.1 Test chip for DNA hybridization detection
In order to validate the model in [50], a first prototype of CMFET-based chip
has been fabricated for the detection of DNA hybridization [51,52]. The chip
(Figure 2.2(a)), fabricated in a standard 0.8 µm CMOS process, hosted 16
NMOS-based CMFET on a total area of 5 mm2. Different dimensions of the
sensing area (ranging from 40× 40 µm2 to 100× 100 µm2) were implemented
in order to explore the sensitivity range of the device. The sensors were
connected to a multiplexer and divided into two clusters, T0 and T1. In
order to independently expose the clusters to different liquid environments,
thus allowing differential measurements, the chip was completed with a fluidic
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Figure 2.2: Prototype of CMFET-based chip for DNA hybridization detection:
(a) photograph of the chip; (b) particular of the chip integrated with a fluidic
system [51,52].
system fabricated with polydimethylsiloxane (PDMS); the complete chip is
shown in Figure 2.2(b).
In order to obtain the required sensitivity to DNA hybridization, the surfaces
of the sensing areas were modified with single-stranded DNA (ssDNA) probes;
according to the Table 2.1, the negatively charged ssDNA determine a first
increase of the threshold voltage of the NMOS, thus leading to a reduction of
the output current. If hybridization occurs, the negative charge on the sensing
area increases, thus leading to a further increase of the threshold voltage. In
particular, the device response was evaluated in terms of differential output
voltage, obtained from the corresponding CMFET in the clusters,
VOUT [i] = VTH [i]− VTH [i+ 8] , 0 ≤ i ≤ 7 (2.7)
Consequently, eight different output voltages were obtained. DNA hybridization
was verified by employing two not complementary probe sequences, T0 and
T1, on the different clusters, and hybridizing them with their correspondent
complementary target sequence, P0 and P1. In details, the measurement
protocol can be summarized in five stages:
1. START: blank sensors on both the clusters;
2. STEP_T1: the cluster T1 (sensors from 0 to 7) was functionalized with
T1 probes; as a consequence, their threshold voltage increased, and so
the output voltage;
3. STEP_T0: the cluster T0 (sensor from 8 to 15) was functionalized
with T0 probes; as a consequence, their threshold voltage increased, so
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Figure 2.3: Output voltage of the CMFET-based chip during alternative functional-
ization and hybridization of the clusters [51,52].
a reduction of the output voltage with respect to the previous step is
obtained;
4. STEP_P1: hybridization was performed on the cluster T1: as a conse-
quence, the threshold voltage of the devices increased, thus bringing to a
further increase in the output voltage;
5. STEP_P0: hybridization was performed on the cluster T0; as a conse-
quence, the threshold voltage of the devices increased, thus bringing to a
further decrease of the output voltage.
The results of the test are reported in Figure 2.3: it can be noticed that
the average of the peaks at STEP_T1 and STEP_P1 are similar, thus
proving an hybridization efficiency near to 100%. In this sense, hybridization in
STEP_P0 resulted less efficient: as a considerably amount of time (1 week)
occurred between this last step and STEP_T1, a degradation of the probes
can be hypothesized.
2.2.2 A fully-CMOS CMFET-based LoC
Subsequently to the promising result with the test chip, a second implementation
of the CMFET-based chip for DNA hybridization sensor was proposed [53].
Differently from the previous version, a complete LoC, hosting the sensing
elements and the basic readout and interface electronics, was designed and
fabricated. In Figure 2.4(a), the layout of the device is reported: a standard
0.35 µm CMOS process was employed, and the final area of the chip was of
about 5.4 mm2. The block diagram in Figure 2.4(b) report the basic elements
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Figure 2.4: (a) Layout and (b) block diagram of the new chip in [53].
in the layout and their connections: in the following, a punctual description of
the basic elements of the circuit will be provided.
Sensors array and temperature sensors
The chip hosted 80 sensing elements, divided into two channels to allow dif-
ferential measurements. As main innovation with respect to the previous
implementation, each sensing element consisted on a floating gate NMOS-
PMOS pair, in order to extend the sensitivity range of the device. In the
chip reported in [51, 52], the charge related to DNA determined a reduction
in the output current, thus worsening the signal-to-noise ratio of the output
signals. Using a PMOS-NMOS pair, when the sensing charge is negative and
the NMOS enters the cutoff region, the PMOS conducts even larger currents
providing extended detectable ranges. Vice versa, when the electric charge
is positive and the PMOS shuts off, the NMOS is still capable of detection.
For small amounts of positive or negative charge, both the devices conduct,
and a combination of the two outputs can be exploited to get a redundant
information. In order to further explore the sensitivity range, three different
dimensions for the sensing areas were also employed. Moreover, each sensing
area was surrounded by two electrodes that can be independently forced at
supply voltage, ground, or left floating. Such electrodes, which provide the
possibility of generating a transversal electric field, were inserted to investigate
the possibility to electrically speed up or pilot DNA hybridization on specific
sites [54]. Another important feature implemented in the chip is represented
by four PTAT (Proportional to Absolute Temperature) sensor: detection of
DNA hybridization requires a precise monitoring of the temperature to assure a
successful completion of the assay. In particular, the parasitic Bipolar-Junction
Transistor (BJT) process available in the CMOS process can be employed.
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Readout, conditioning and interfacing electronics
The experiments made on the prototype presented in [53] showed that the actual
amount of charge involved in the DNA hybridization detection strongly depends
on the biological assay setup. In order to make the sensor work properly in
a wide range of operating conditions, a programmable read-out scheme was
adopted. Such read-out circuit is shown, for the PMOS transistor, in Figure
2.5(a). Obviously, the NMOS requires a complementary configuration. The
circuit is biased with two programmable currents I1 and I2 and a programmable
input voltage (VDAC). The output VoutP is the drain voltage of a diode-
connected PMOS transistor, which is paired (and matched) to the PMOS
transistor of the sensor selected from the array. The two currents I1 and I2
are generated by means of two programmable current generators, whereas the
control gate of the sensor is driven by a D/A converter. The output voltage
VoutP can be written as
VoutP = VDAC + ∆|VTH |+ k
(√
I1 − I2 −
√
I2
)
(2.8)
where k =
√
2
µpCOXW/L
is a constant dependent on process and design parame-
ters whereas VDAC and the currents I1, I2 are generated from the digital input
words D, M1,2, N (stored in the register file of the digital module) according
to the following relationship:
VDAC = D
VDD
15 (2.9)
I1,2 =
I0
N + 1(M1,2 + 1) (2.10)
For the NMOS the relationship is
VoutN = VDAC −∆VTH + k
(√
I2 −
√
I1 − I2
)
(2.11)
If the ratio between the currents I1 and I2 is equal to 2, the I/O relationship
boils down to:
VoutP = VDAC + (|VTHF | − |VTH |) (2.12)
VoutN = VDAC − (VTHF − VTH) (2.13)
As from Equation 2.4 and Equation 2.5 it is clear that, if Qi varies, the
corresponding variation in the floating gate voltage is equal to the one of the
effective threshold voltage, this readout schema allows a direct readout of the
threshold voltage variation, from which the charge can be evaluated.
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Figure 2.5: Readout and conditioning circuitries: (a) level shifter; (b) I/V converter;
(c) block diagram of the cyclic A/D converter [53].
Another readout circuitry implemented is a I/V converter (Figure 2.5(b), for
p-type sensors). The sensor, biased by the D/A converter, is connected to
the inverting input of the operational amplifier; a second D/A converter is
employed to define the reference. Configuring the D/A converters in order to
make the sensor work in linear region, the output is:
VTHF = VDD − VDAC1 − VDAC2 − VoutP
k (VDD − VDAC2) ·
1
R
(2.14)
The output signal coming from the readout circuitry is amplified by means
of a variable gain amplified, and then digitally converter according to the
algorithm shown in Figure 2.5(c). The main blocks (sample & hold, comparator,
voltage doubler and bandgap voltage reference) were implemented using fully
differential switched-capacitor schemas optimized in order to reduce the power
consumption. The main figure of merits of the A/D converter are a 10 bit
resolution and a conversion time of 147 µsec.
Simulation results
A complete simulation of the readout circuitries and temperature sensor was
carried out. The results are reported in Figure 2.6. In particular, Figure
2.6(a) and 2.6(b) report the response of the level shifters (for n-type and p-type
sensors) to the variation of the input voltage (fixing the charge to 6.4· 10−19 C)
and to the variation of the detected charge (fixing the D/A voltage to 2.42 V )
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Figure 2.6: Simulation results: (a) output voltage of the level shifter as a function
of the applied voltage for a fixed charge; (b) output voltage of the level shifter as a
function of the sensed charge for a fixed bias; (c) output voltage of the I/V converter
as a function of the detected charge for a fixed feedback resistor and input voltage;
(d) response of the PTAT to the temperature [53].
respectively. In Figure 2.6(c), the output voltage of the I/V converter for p-type
sensor (feedback resistance equal to 10 kΩ) as a function of the sensed charge
is reported. It can be noticed that both the readout circuitries showed the
expected linear dependence to the charge, but the range of detectable charge is
larger for the I/V converter. Finally, in Figure 2.6(d), the simulation of the
PTAT is reported: the expected a linear response to temperature was obtained.
Digital control unit
The digital control unit (DCU) is responsible of I/O connection with the external
world. Moreover, it is in charge of managing the sequence of different clock
signals needed to operate all the circuits, to drive the analog multiplexers, the
address circuitry for the array of sensors and, finally, to set the programmable
biases for the readout circuitry. The DCU is also in charge of driving a number
of multiplexers introduced for allowing independent testing of the different
blocks. The signal processing chain can be opened at the input or the output
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Figure 2.7: Complete measurement setup for the LoC.
of each block, injecting test signals and monitoring the outputs. The number of
blocks to be put in the chain can be chosen addressing such multiplexers. The
mechanism is shown in Fig. 2.4: all the digital control signals are stored in an
on-chip register file with 16 registers of 8 bits each. Most of the individual bits
of the first 15 registers are hard-wired to a specific control signal while some
of them are grouped in opcodes that are decoded on-chip to generate other
control signals. The 16th register can only be read and contains the output of
the of the A/D converter. In order to reduce the number of successive accesses,
similar control signals are properly grouped to be stored in the same register
thus being written all together with a single store. A control strategy based
on a external microcontroller, implemented on a FPGA, was adopted and
thus most of the control is off-chip. Such a configuration was chosen because,
allowing to define the signal conditioning path from outside, it guarantees
high flexibility and programmability. According to the experimental data and
the entity of charge under investigation, the ideal configuration can be chosen
and, as a result, large variations in input signals can be accommodated. The
electrical interface of the chip is made up of 21 pads, including analog as well
as digital signals. The 21 pads are accessible through a test board (glass slide
dimensions), on which the chip is directly mounted without packaging. In
order to allow the interfacing of the chip with some external devices, useful for
testing the chip, a second board, on which the former board is mounted, was
developed. Such a board provides a A/D converter, a 4-channel D/A converter,
switches, and a voltage regulator. The I/O connection is made by means of two
100-pin Hirose connectors. The generation of the control sequence for the chip
is made by means of an FPGA (Spartan-3E Starter board), featuring a 100-pin
Hirose connector and a MicroBlaze embedded processor, on which the digital
control was developed. In Figure 2.7 the finally mounted system is shown.
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Figure 2.8: (a) Integration with the microfluidic system onto the chip; (b) micropho-
tograph of the chip area with the overlapped microfluidic; (c) particular of the channel
area; (d) the completed chip onto the test board [55].
Fluidic system
In order to properly work as LoC, a microfluidic system was designed for
delivering the test solutions on the sensing areas. In particular, a separation of
the two channels is necessary for correctly performing differential measurements.
In Caboni et al., the fabrication and integration of microfluidic flow cell made
by PDMS is described [55]. In Figure 2.8(a) the mounting of the microfluidic
is described: the surface of the chip and the bottom face of the PDMS were
activated by means of plasma oxygen, and then put into contact. This technique
allowed the irreversible seal of the fluidic and the chip without needing the
employment of glues that can affect the sterility of the sensing areas. The
fluidic was completed by gluing silica microcapillars, which acted as inlet and
outlet for the two channels. In Figure 2.8(b) and Figure 2.8(c), the flow cell
mounted onto the chip is shown; in particular, Figure 2.8(c) shown one of the
channels of the device. Finally, Figure 2.8(d) shows the device, complete of
microfluidic systems, mounted onto the test board.
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2.2.3 The Organic CMFET
One of the main advantages of the CMFET working principle is related to its
implementability in different technologies. In particular, the employment of
OTFTs as core element in CMFET was explored. Complementary to the LoC
implementation, the research activity on the Organic CMFET (OCMFET)
especially focused on the development of disposable device on plastic substrates
for field measurement kits. In addition to the already introduced advantages of
the CMFET working principle over the basic bioFET approach, the separation
between the sensing area and the transistor area results particularly interesting
in the organic implementation, as damages of the organic semiconductor are
here prevented. So far, two main applications were investigated: pH sensing
and DNA hybridization detection.
OCMFET as pH sensor
In 2009, Caboni and co-workers firstly proposed a pH sensor based on OCMFET.
The device, shown in Figure 2.9(a), consisted on two OCMFETs, biased through
the same control capacitor, measured in a differential mode: one device acted
as sensor being exposed to solutions with different pH, while the other one
acted as reference being maintained at a constant pH value. The device was
fabricated in a bottom contact-bottom gate free standing configuration, as the
employed plastic substrate (DuPont Mylar® , 1.4 µm-thick) acted also as gate
insulating layer. A PDMS fluidic system was glued onto the device, in order to
deliver the test solutions onto the sensing areas; each flow cell was equipped
with independent inlet and outlet channels. The sensitivity to pH was obtained
by functionalizing the gold sensing areas with an amino-terminated (−NH2)
Self-Assembled Monolayer (SAM); at this purpose, a thiolated molecule was
employed, as the thiol group (−HS) naturally binds on gold. The aminic
group protonates in acid solutions, thus bringing to the increase of the positive
charge anchored onto the sensing area; consequently, being pentacene chosen as
organic semiconductor, the threshold voltage of the device increased. In Figure
2.9(b), the normalized current of sensor (solid cure) and reference (dashed
curve) are reported as a function of the pH at the sensor; the reference was
maintained at pH = 6, and the current was normalized by dividing its value to
the current recorded at pH = 6. As expected, the output current of the sensor
progressively decreased with pH, as the threshold voltage increased in response
to the protonated aminic groups at the surfaces; on the contrary, no significant
variation in the reference were obtained. The corresponding variation of the
threshold voltage is explicitly reported in Figure 2.9(c).
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Figure 2.9: Organic CMFET (OCMFET) as pH sensor: (a) device structure; (b)
normalized current variation for sensor (solid curve) and reference (dashed curve) as
a response to the pH variation on the sensor’s sensing area, while the reference was
maintained in a constant pH 6 solution; (c) corresponding variation in the threshold
voltage of sensor and reference with pH [56].
OCMFET as DNA hybridization sensori
More recently, a novel implementation of the OCMFET has been proposed
[57]. The introduced innovations can be mainly justified with the drawbacks
of the device in Caboni et al. [56]. First of all, in order to properly work
as dielectric, the Mylar® foil must be very thin, thus making difficult the
fabrication, functionalization and measurement operations. Moreover, as the
fluidic system was glued just behind the transistor area, the pressure related
to the injection of the test solutions may produce artefacts related to the
device deformation, just as for pressure sensors (cfr. Section 1.3.3). In order to
overcome such issues, substrate and dielectric layer were distinguished: Parylene
C was employed as gate dielectric, while the whole device was fabricated
iThe author directly contributed to the research activity in this paragraph (cfr. List of
Related Publications). As this topic was mainly led by Dr. Demelas, while his research
activity on OCMFET mainly focused on an innovative fabrication process, the author
prefers to refer to this part as a state-of-the-art, from which his actual activity started.
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Figure 2.10: OCMFET as DNA sensor: (a) device structure; (b) threshold volt-
age shift in the square root of the transfer characteristic curve: steps are before
functionalization (1), after functionalization (2), before hybridization (3) and after
hybridization (4); (c) net threhsold voltage shift, and corresponding extrapolated
charge in the floating gate, after functionalization with different probe concentration
in solution; (d) net threhsold voltage shift, and corresponding extrapolated charge in
the floating gate, after hybridization with different target concentration in solution,
employing the same probe concentration for functionalization [57].
onto a 175 µm-thick polyethylene terephthalate (PET) substrate (see Figure
2.10(a)). In this way, the structural integrity of the device was improved, thus
making the fabrication, functionalization and measurement operations easier.
Moreover, Parylene C is well known to have superior performances as dielectric
for organic electronic devices. As in this implementation sensing area and
transistor lied on the same surface, a significant separation between them was
introduced in order to guarantee the semiconductor integrity. In this way, any
possible coupling effect between the injection of the measurement solutions
and the device response is theoretically prevented; moreover, fabrication and
integration of fluidic system result easier. With respect to the pH sensor, a
significant reduction of the parasitic capacitances in the layout was performed,
thus bringing to a theoretical improvement of the sensitivity. Finally, 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS pentacene) was chosen as organic
semiconductor in substitution of pentacene: this pentacene derivative shows
several advantage with respect to the basic molecule, as solubility in organic
solvents, higher charge carrier mobility and improved stability in ambient
conditions [58]. In particular, the application of the novel implementation to
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DNA hybridization detection was investigated. Just as for the pH sensor, a
differential configuration was adopted: the threshold voltage variation was
evaluated by subtracting from the sensor response the one of a reference devices,
which underwent to the same biological and chemical treatments and to the same
storing and measurement conditions of the sensor. In this way, any unspecific
effect was evaluated and compensated. In Figure 2.10(b), the response of
the sensor is reported in terms of square root of the transfer characteristic
curves: it can be noticed that a shift towards more positive gate voltages, i.e.
a reduction of the threshold voltage of the p-type transistor, was obtained
after the functionalization (Step 2) and the hybridization (Step 4) processes
as a consequence of the negative charge increase on the sensing area. Just as
for the CMFET-based DNA hybridization sensor, all the measurements were
performed in liquid. From the net threshold voltage variation, the anchored
charge after functionalization and hybridization processes was also computed
and related to the concentration of oligonucleotides in solution. In particular,
Figure 2.10(c) reports the charge evaluated after the probe anchoring: the
higher the concentration, the higher the actual anchored charge. On the
contrary, the higher the concentration of target oligonucleotides in solution,
the lower the detected negative charge if the same concentration of probes is
employed (Figure 2.10(d)). This result can be justified as an effect of the probe
density on the sensing area: when a high probe concentration was employed,
the SAM at the surface resulted too dense to allow a proper hybridization
process.
2.3 Aim and motivations of the research activity
In the previous Section, several examples of the application of the CMFET
working principle have been provided, thus proving the feasibility of such novel
approach for the fabrication of bioFETs. The obtained results promisingly
overcome some of the main limitations in the applications of FET to biosensing,
such as the need of reference electrode or molecule modification, or, specifically
for OTFT-based devices, the stability of organic semiconductors in liquid
environment. Nevertheless, several issues remained to be faced at the state-of-
the-art:
• the CMFET-based LoC for DNA hybridization detection was designed,
fabricated and simulated but never tested; consequently, the impact of
a more complex sensing structure, and the feasibility of the readout,
conditioning and interfacing electronics wasn’t verified;
• the OCMFET structure was based on a high-voltage transistor, which
worked at several tens of volts, thus reducing the actual portability of
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the device (crucial feature for field measurement kit application) and
dramatically affecting the reliability of the measurements in liquids;
• as regards the application to DNA hybridization detection, an effective
evaluation of selectivity and sensitivity of the device wasn’t performed.
The actual research activity on which this thesis is based mainly focused on
these still- opened challenges in the CMFET technology. In the next two parts,
the activity will be presented:
• in the Part Two, the modelling and testing activity on the CMFET-based
LoC will be presented: this activity comprised the development of models
of the chip structure in the dry and wet state, the testing of the device
as pure charge sensor and as DNA hybridization sensor; in particular,
this last activity comprised the development of reliable functionalization,
hybridization and measurement protocols;
• in the Part Three, the activity on the OCMFET will be presented;
differently from the activity on the CMOS implementation, the research
activity included not only modelling and testing, but also design and
fabrication of a novel, high-performances OCMFET structure for DNA
hybridization detection; this topic required the development of technology
and procedures for easy and reliable production of devices conceived for
the applications to field-measurement kits.
In parallel with the applications of the CMFET working principle to biosensing,
other applications field were also explored during the Ph.D. research activity.
In particular, the design, fabrication and testing of pressure sensor based on the
OCMFET structure was performed. As this application is not in the core of the
main research activity, the author decided to insert such a topic in Appendix
A, to which reading the reader is kindly referred.
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Part II
A fully CMOS Lab-on-Chip
for DNA hybridization
detection

3
CMFET-based LoC for
charge sensing: modelling
and testing
A first modelling of the new CMFET-based LoC will be provided and validated.
The testing of the device as charge sensor will be presented: the detection of
metal oxidation processes will be demonstrated, thus providing a representative
testbench before the employment of the LoC as biochemical sensor.
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3.1 Introduction
Despite the easiness of its basic working principle, when CMFET is employed in
complex structures as LoCs, features related to layout and fabrication process
must be taken into account if a complete knowledge of the device and its
performances would be derived. The development of an accurate model of
the LoC presented in Section 2.2.2 requires the definition of testbenches that
can efficiently represent its final application. A direct testing of the device as
bioFET may be insidious, as detection and transduction of charged biomolecules
involve several phenomena often difficult to predict. For instance, as carefully
discussed in Section 1.3.1, the actual sensitivity of the device is related to
Debye length, which is mainly reliant on the characteristics of the measurement
environment. Consequently, in order to derive a precise model of the CMFET-
based LoC independently from its final application, its characterization as pure
charge sensor was performed and validated.
3.2 Modelling in the dry state
In Section 2.2.2, a basic description of the novel, CMFET-based LoC for DNA
hybridization detection was provided. The main innovation introduced in
the sensing unit were a PMOS-NMOS pair employed to increase the range
of detectable charges, and electrodes for electrically promote and step-up the
hybridization (Figure 3.1(a)). In addition to these elements, several layout
innovations were also introduced. The control gate and the floating gate realize
a plane, linear, poly1-poly2 capacitor (CCF ), whose capacitance depends upon
Figure 3.1: (a) Cross section of the sensing area in the LoC; (b) particular of the
sensing area.
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Control Capacitor Sensing Pad
Small 15× 15 µm2 30× 30 µm2
Medium 45× 45 µm2 50× 30 µm2
Large 150× 150 µm2 50× 150 µm2
Table 3.1: Dimensions for different control capacitors and sensing pad for sensors
realized on the chip.
oxide thickness and gate area. The capacitive coupling between the control
gate and the buried gate makes possible to set the operating point of the device.
In such a way, by properly choosing the control gate voltage, it is possible to
nullify the effect of the unknown charges trapped in the floating plane along
the manufacturing process. The double poly capacitor is covered with metal
layers alternately set at the floating gate and at the control gate voltage. This
technique allows to increase overall capacitance without increasing the area,
and to reduce potential crosstalk between the floating gate and other signal
wires. The control capacitors used on the chip have three possible dimensions,
reported in Table 8.1. The sensing areas (or pads) consist in an opening in
the SiO2 passivation layer that allows to access the floating gate on which
the target molecules can be anchored. All the metal layers provided by the
employed process were employed to connect the buried floating gate. Three
different dimensions are used for the sensors realized on the chip, as reported
in Table 8.1. The electrodes surrounding the sensing areas present a coupling
capacitance with the metal layers (Figure 3.1(b)): this capacitance is equal
for right and left electrodes, and its value can be found with the relationship
Crelect = Clelect =
5∑
i=1
Cc,i· (2l1 + l2) (3.1)
where Cc,i is the coupling capacitance for adjacent lines for the i-th metal layer
(
[
Fm−1
]
). As already introduced in Section 2.1, the capacitive structure of
the CMFET plays a crucial role in defining its actual sensitivty. Consequently,
a model focusing especially on how the layout capacitors and their intercon-
nections influence the device performances has to be developed. The main
capacitive contributions, already shown in Figure 3.1(a), are better represented
in the equivalent circuit in Figure 3.2. The capacitor between sensing pad and
the n-well, CPAD, represents the most important parasitic contribution in the
model; its value is given by
CPAD = Ca·A+
5∑
i=1
Cf1,i· (2l1 + l2) (3.2)
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Figure 3.2: Equivalent circuit of the CMFET-based sensing element in Figure 3.1.
where Ca is the capacitance per area, A the area of the pad, Cf1,i is the fringing
capacitance to underlying conductor in case of adjacent lines for the i-th metal
layer, l1 and l2 are the dimensions of the electrodes.
Another contribution is given by the previously introduced horizontal capacitors
between the sensing areas and the electrodes, Clelect and Crelect. Finally, the
parasitic capacitors of NMOS and PMOS are considered. For each transistor
the main contribution is given by the overlap capacitors between floating
gate and source (CFS) and floating gate and drain (CFD), and by the non-
linear capacitance between floating gate and bulk (CFB). The values of these
capacitors can be evaluated from SPICE analysis. In operating conditions, the
transistors work in saturation region, so the floating gate-drain capacitance is
negligible if compared to other contributions and is excluded from the model.
Applying the charge conservation principle to the floating gate, this relationship
can be found:
QTOT = CCF (VFG − VCG) + Clelect (VFG − Vlelect) +
+Crelect (VFG − Vrelect) + CPAD (VFG − VDD) + (3.3)
+CFD,NVFG + CFS,N (VFG − VCG + ∆VN ) +
+CFD,P (VFG − VDD) + CFS,P (VFG − VCG −∆VP )
where Vlelect and Vrelect are the voltages of left electrode and right electrode,
respectively, ∆VN and ∆VP are the overdrive voltages for PMOS and NMOS,
and QTOT is the total charge on the floating gate. Before immobilization of
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the charge to be sensed, it coincides with the native charge Q0. From this
equation, the relationship between VFG and VCG can be found:
VFG =
CCF + CFS,N + CFS,P
CSUM
VCG +
Crelect
CSUM
Vrelect+
+Clelect
CSUM
Vlelect +
CPAD + CFB,P
CSUM
VDD+
−CFS,N
CSUM
∆VN +
CFS,P
CSUM
∆VP +
QTOT
CSUM
(3.4)
where CSUM is the sum of all the capacitive terms. The relationship is linear
in VCG, so Equation 3.4 can be rewritten as
VFG = m·VCG + q (3.5)
In this model, the slope of the last equation directly depends on all the
capacitances in the layout, but results independent from the voltage applied to
the electrodes. The intercept contains information on the charge of the floating
gate QTOT , and other terms that are unknown (the native charge) or difficult to
evaluate a priori (∆VN and ∆VP ). The sensitivity of the device, which is related
to the charge-dependent term, is mainly determined by the characteristics of
the control capacitor and the sensing area. In order to thoroughly explore their
influence, seven different sensor typologies were implemented by combining
the sizes of control capacitor and of the sensing pad reported in Table 8.1.
Table 3.2 shows these different typologies, their occurrences in both channels
and the corresponding value of CSUM .
3.2.1 Model validation
In order to evaluate the accuracy of the model, Equation 3.4 was evaluated
for the different typologies of sensor and three different connections of the
electrodes: both the electrodes connected to ground or to supply voltage VDD,
and one electrode connected to ground and the other to VDD. In particular,
as the intercept was not directly evaluable from the model, the sole slope was
considered as merit figure. In this way the effect of the electrodes connection is
theoretically not evaluable; nevertheless, the influence of the different sensing
area and control capacitor dimensions, which mainly determine the sensitivity
of the structure with respect to the charge, can be determined. The simulations
were then compared to the results obtained by a direct measurements on the
chip, employing the level shifter described in Section 2.2.2 as readout circuitry.
In this way, the variation in the floating gate voltage were directly obtained
from the output voltage of the schema, as reported in Equation 2.12 and
Equation 2.13 and being the variation in the floating gate voltage equal to the
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Control Capacitor Sensing Pad Occurrences on Chip CSUM
Small (SC) Small (SP) 22 650 fF
Medium (MP) 8 680 fF
Medium (MC)
Small (SP) 8 2.8 pF
Medium (MP) 14 2.9 pF
Large (LP) 8 3.1 pF
Large (LC) Medium (MP) 8 27.8 pF
Large (LP) 12 28 pF
Table 3.2: Sensor typologies, their occurrences on chip and values of CSUM .
one of the effective threshold voltage. Figure 3.3 shows the measured output
voltages for n-type and p-type level shifter; in the insert, a more accurate
representation of the level shifter and of the sensor is reported. In order to
extrapolate the slope of the curve, an automatic fitting algorithm was developed
to determine the best linear range of the curves, and then extrapolate the slope
and the intercept. Table 3.3 shows the extracted average slopes for the different
sensing structures (µm) and the theoretical value extracted from the model
(mth). These values are considered for different connections of the electrodes
surrounding the sensing pad: both the electrodes connected to ground or to
supply voltage VDD, and one electrode connected to ground and the other to
VDD. The model proposed is validated with a very small percentage of error
(ε) for all the sensing structures except for small control capacitor - medium
sensing pad typologies (SC-MP); in this case, the small number of structures
on which the average is calculated could be the cause for such differences. In
general, the differences between extracted and theoretical values are due to
secondary capacitive terms neglected in the model (e.g., layout capacitances),
whose effect explains why the measured slopes change accordingly with the
connection of the electrodes instead of staying constant as predicted by the
model. It can be also noticed that the different electrodes connection doesn’t
affect the error, thus demonstrating that the slope is likely independent from
the chosen connection.
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Figure 3.3: Output voltages from the level shifter for p-type and n-type sensors; in
the insert, the circuit for the p-type sensor is shown.
A B C
Sensor mth µm ε mth µm ε mth µm ε
SC-SP 0.669 0.703 0.05 0.669 0.6 0.03 0.669 0.668 0.03
SC-MP 0.816 0.63 0.28 0.816 0.654 0.25 0.816 0.63 0.3
MC-SP 0.905 0.925 0.02 0.905 0.924 0.02 0.905 0.924 0.02
MC-MP 0.954 0.923 0.03 0.954 0.923 0.03 0.954 0.923 0.03
MC-LP 0.931 0.845 0.1 0.931 0.849 0.1 0.931 0.849 0.1
LC-MP 0.995 0.96 0.04 0.995 0.96 0.039 0.995 0.96 0.04
LC-LP 0.993 0.966 0.03 0.993 0.966 0.03 0.993 0.9657 0.03
Table 3.3: Theoretical slope (mth), extracted average slope (µm) and relative
difference (ε) for three different electrodes configurations: both electrodes connected to
ground (A), both electrodes connected to supply voltage (B), one electrode connected
to ground and one electrode connected to supply voltage (C).
3.3 Charge sensing with CMFET
As the developed model doesn’t give information about the sensor response
to charges in the sensing area, a testbench must be determined prior to its
employment as biochemical sensor. In this way, the effectiveness of the response
and the actual charge detection limits can be determined and compared to
the ones required by the application to be investigated. Among the different
possibilities, metal oxidation was chosen as easy, reliable and representative
case study. The oxidation of aluminium sensing areas is mandatory for the
application of the chip to biochemical sensing, as aluminium is toxic and simply
corruptible in solutions. Consequently, the aluminium oxide is important to
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protect the pad area and to guarantee the bio-compatibility of the sensor [59].
For its chemical and physical characteristics, aluminium oxide can be used as
spacer and cross-linking element between the sensing area and the molecules:
oxide is very reactive, and several kinds of methods can be used for anchoring
molecules to its surface [60]. Moreover, several techniques can be employed
for growing aluminium oxide, including anodization with electrochemical cells
[61] and different kinds of plasma [62]. Ozone is another oxidizing agent
that could be used in aluminium oxidation processes; aluminium exposed to
ultra-pure ozone in ultra-high vacuum chambers develops an oxide layer with
improved characteristics of regularity, thickness and robustness with respect
to other kinds of controlled-grown oxides [63]. Alternatively, ozone can be
produced in ambient conditions by means of UV lamps working at a proper
wavelength (around 185 nm), which are generally used for surface sterilization
and activation. This kind of instrumentation can be used for a simple, low-cost
oxidation of metallic surfaces at room temperature and air pressure, with
an obvious limitation in the quality of the realized oxide in respect to what
obtained by means of the mentioned, sophisticated setups.
The employment of aluminium oxidation for charge sensing is allowed by the
defectiveness of the grown layer, which naturally incorporates negative charges
[64]: the thicker the oxide layer, the higher the negative charge accumulated
onto the sensing areas of the devices. Consequently, by playing on the oxide
thickness, i.e. on the duration of the oxidation process, different amount of
charges can be obtained on the sensing area to explore the sensitivity range of
the device. In order to easily control the oxidation time, UV-produced ozone
in ambient conditions was employed to perform aluminium oxide grown on
the sensing areas. Ozone was produced by a UV Penray® lamp; the oxidation
time was evaluated as the time on which the lamp is switched on. A first
investigation of significant oxidation time was performed by fabricating planar
test capacitors: the oxide thickness can be extrapolated from the characteristic
equation of the capacitance for planar capacitors,
tox =
ε0εr
C
(3.6)
being ε0· εr the absolute dielectric constant of aluminium oxide, and C the
evaluated capacitance per area unit. Such capacitors were fabricated on glass,
using aluminium as bottom electrode and gold as top electrode (see insert
in Figure 3.4). In particular, top electrodes were patterned by means of a
photolithographic process, in order to obtain dimensions (∼ 100 µm width)
comparable with the one of the sensing areas of the chip. The UV exposure
was roughly set considering standard oxidation time for other low pressure
techniques, as plasma oxidation [62]. Capacitances were evaluated using an
Agilent 4284A Precision LCR Meter; a frequency of 30 Hz was chosen, thus
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Figure 3.4: Oxide thickness obtained from capacitive measurements on test capaci-
tors (in the insert).
determining an average relative dielectric constant of about 10. In Figure
3.4 the results are reported: it can be noticed that a very small time step
(∼ 90 sec) resulted sufficient to significantly increase the oxide thickness. After
630 sec of exposure, the surfaces were completely oxidated, so a saturation
in the extrapolated thickness was obtained. The same oxidation times were
employed during chip oxidation: Figure 3.5 shows the output voltages of the
p-type level shifter during the procedure. In this case, as negative charges were
immobilized onto the sensing areas, the threshold voltage of the transistor was
reduced, thus reducing the VTHF − VTH difference; consequently, a reduction
in the output voltage was registered.Interestingly enough, very large variations
are initially obtained, while, by gradually increasing the oxidation time, the
variation become smaller and smaller. This result is perfectly consistent with
the saturation of the oxidation process observed for test capacitors. In order
to further demonstrate that the recorded shift are actually related to electrical
charge associated to the oxidation process, a chemical removal of the aluminium
oxide was performed. A 1 : 100 solution of sulphuric acid (H2SO4) in water was
employed to strip the oxide from the surface of the chip; after ten minutes of
exposure, an almost complete recover of the original characteristic of the device
was obtained. As the chemical etching is not perfectly controlled, a perfect
charge deletion is quite difficult to obtain, thus justifying the residual differences
in original and final characteristic curves. From the threshold voltage shift,
the amount of charge actually sensed by the structure was extrapolated by
linearising the output voltage from the level shifter and evaluating the intercept
using the same algorithm employed in the model validation. As reported in
Equation 3.4, the intercept depends on the charge but also by unknown terms,
so a complete knowledge of the last equation may result difficult. In order to
simplify the estimation of charge without considering these terms, a correlated
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Figure 3.5: Variation in the output voltage of the p-type level shifter during the
ozone oxidation of the sensing areas of the chip and after the chemical etching of the
grown aluminium oxide.
double-sampling technique can be adopted: if ∆VFG is the variation of the
floating-gate voltage after the immobilization of charged molecules on the active
area, QTOT changes from Q0 to Q0 +Qi, and this last term can be extracted
as
Qi = CSUM ·∆VFG (3.7)
In this case, the extrapolated intercept for every output voltage of p-type
and n-type sensor in the chip was evaluated before any oxidation procedure,
and the constant term, relative to the layout contributions and native charge
was compensated. In Figure 3.6 the average extracted charge for the different
sensing area dimensions is reported, both for p-type (a) and n-type (b) sensors.
Interestingly, n-type and p-type sensor independently detected a very similar
amount of charge, thus providing a double-checked result from the extrapolation.
Moreover, large sensing areas are related to significantly larger amount of charge
with respect to small and medium ones: this is consistent with the fact that
small and medium sensing pads have similar area (900 µm2 and 1500 µm2),
while the area large pads is significantly different (7500 µm2). The initial charge,
set as zero, could be recreated with a good precision for small-padded and
middle-padded structures; for the large-padded sensors the chemical etching
probably removes a thicker layer of aluminium oxide with respect to the one
grown during the process, so the final charge is larger than the initial one.
In Figure 3.6(c), the charge density is finally reported: interestingly, the
order of magnitude of the detected charge is the same reported in Lee and
co-workers [64], if a single electron vacancy per interface state is considered.
In order to complete the preliminary tests on the chip, a reasonable range of
detectable charges was estimated. The minimum amount of detectable charge
can be obtained as the one which determines an evaluable variation in the
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Figure 3.6: Average charge variation recorded during the oxidation and chemical
etching by p-type (a) and n-type (b) for the different sensing pads’ area; (c) average
charge density during oxidation and chemical etching.
threshold voltage of the transistor. On this purpose, the shifts in the output
voltages of the small-padded sensor were considered. With the smallest pad,
in fact, the smallest amount of charge is trapped for a given oxidation time.
Figure 3.7 shows the average output voltage shift (for a given input voltage)
and the correspondent extrapolated charge versus the oxidation time. It is
possible to notice that even very short oxidation times (down to 1 sec) are
sufficient to obtain a sensible variation. As expected, the shift is smaller for the
small-padded sensors with medium control capacitors that, being higher CSUM ,
have the lowest sensitivity; for this kind of structures, the obtained shift in the
output voltage is 3.8 mV . Knowing that, for these sensors, CSUM = 2.8 pF
(see Table 3.2) a corresponding amount of charge of 1.1· 10−14 C can be
extrapolated. This result can be converted into valuable information for the
application of the LoC as biosensor by considering the test setup of the test
chip in Barbaro et al. [52]. Since each oligonucleotide bears an electric charge
equal to N times the electron charge q (N being the number of bases), if the
same oligonucleotides considered in the test chip are employed (N = 31), the
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Figure 3.7: Threshold voltage variation, and corresponding charge variation, for
small-padded sensors (with different size of the control capacitor) for very short
oxidation time.
minimum number of detectable molecules results 1433, around 6 molecules per
square micron. The maximum detectable charge can be estimated considering
a shift in the threshold voltage which determines the saturation of the output
curves of Figure 3.5. At most, this shift can be assumed equal to VDD so,
considering the medium control capacitor-big-padded sensors which achieve
the best trade-off between amount of immobilized charge and sensitivity, a
maximum charge of 9.16· 10−11 C can be derived.
4
CMFET-based LoC for
DNA hybridization
detection
In this chapter, the application of the CMFET-based LoC as DNA hybridization
sensor will be presented. Its accessory functionalities will be tested, and a
complete characterization of sensitivity and selectivity to DNA hybridization
will be provided. The obtained result will be explained according to a more
complete model of the sensing unit in wet environment.
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4.1 Introduction
The novel, CMFET-based LoC was particularly designed as DNA hybridization
sensor. Consequently, its structure and functionalities were conceived to this
purpose. Beyond the already demonstrated charge sensitivity, the feasibility of
the system as DNA sensor is reliant on some aspects that must be evaluated:
• a complete functioning of the accessory functionalities, such as tempera-
ture sensor and readout circuitries, especially as regards the sensitivity
range;
• the identification of a simple, reliable functionalization technique, which
determines the actual sensitivity and selectivity of the device;
• the identification of chemical, biological and measurement protocols in
order to correctly employ the system;
• a complete characterization of the device for DNA hybridization detection,
i.e. sensitivity and selectivity test.
In this chapter, all these aspects will be thoroughly examined.
4.2 Testing the accessory functionalities
4.2.1 Temperature sensors
The proper functionality of the PTATs was evaluated by developing a firmware
for independently addressing them by means of the multiplexing system pre-
sented in Section 2.2.2. The test board was inserted in an oven during the
measurement; for each PTAT, a response averaged over 80 consecutive mea-
surements was performed for each temperature value. The results are shown in
Figure 4.1: all the sensors showed a good linearity in a quite wide temperature
range, representative for biological processes. For instance, DNA hybridization
and denaturation are thermal-dependent processes: according to the chain
length, hybridization temperature of about 60 ℃ are employed, while denatura-
tion occurs at about 100 ℃. Although the different PTATs have a similar slope
(and thus, a similar sensitivity), a mismatch of few millivolts can be noticed;
consequently, their initial calibration is mandatory before being used in the
system.
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Figure 4.1: Response of the four PTATs in the chip in a representative range of
temperature.
4.2.2 Current programmability for sensitivity range extension
In Section 2.2.2, the general expressions of the output voltage of the level
shifters were introducedi:
VoutP = VDAC + ∆|VTH |+ k
(√
I1 − I2 −
√
I2
)
(4.1)
VoutN = VDAC −∆VTH + k
(√
I2 −
√
I1 − I2
)
(4.2)
These equations are linear in VDAC , so the other terms define the value of
the intercept. In particular, the value of the last term is determined by the
currents, I1 and I2, which are digitally programmable between a reference value
I0 = 156 nA and 32· I0. By properly choosing the I1/I2 ratio, this term can be
used to modify the working point of the device, thus increasing the sensitivity
range. If, for instance, the starting environmental charge determines a complete
saturation of the device, the linear behaviour can be recovered by modifying
I1/I2 in order to define a new, starting value for the intercept. In Figure
4.2, a programmability test is shown for a p-type sensor. A phosphate buffer
solution (PBS), which is commonly employed as test solution for biochemical
tests, was injected into the flow cell. If I1/I2 = 2, so the current-dependent
terms is nullified, the output voltage from the level shifter is almost saturated,
as the sensor is completely switched on and the most of the current flows on
it. In this basic conditions, the sensitivity range of the device is dramatically
reduced, as just a few points of the output voltage resulted not saturated. By
extrapolating the intercept of the curve from these points, a strongly negative
value is obtained. In order to recover the linear behaviour, the last term of
Equation 4.1 must be positive, i.e. the current I2 must be negligible with respect
to I1, thus bringing to higher values of I1/I2. By progressively increasing the
iSame as Equation 2.8 and Equation 2.11, here reported for the reader’s advantage.
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Figure 4.2: Programmability test on a p-type level shifter.
I1/I2 ratio, the linear behaviour is recovered, as expected. This is coherent
with the fact that, increasing the current I1, the voltage in the common node
of the devices is reduced, thus contrasting the switching on related to the PBS.
In conclusion, the proper functionality of the programmable level shifter was
demonstrated; this mechanism allow a simple tuning of the sensitivity range of
the device, thus allowing a complete compensation of environmental effects.
4.3 Functionalization with single-stranded DNA
4.3.1 Introduction: the DNA molecule
Deoxyribonucleic acid (DNA) is a molecule that encodes the genetic instructions
used in the development and functioning of all known living organisms and many
viruses. In living organisms DNA does not usually exist as a single molecule,
but instead as a pair of molecules (single-stranded DNA) that are held tightly
together. Each single strand is formed by the repetition of single units called
nucleotides. A nucleotide contains both the segment of the backbone of the
molecule, which holds the chain together, and a nucleobase, which interacts
with the other DNA strand in the helix. The backbone of the DNA strand is
made from pentose sugar (2-deoxyribose) residues, linked together by phosphate
groups, which are responsible for the intrinsic negative charge of DNA. The
phosphate groups form asymmetric bonds between the third and fifth carbon
atoms of adjacent sugar rings,thus determining a direction for the strand. In
DNA, four kind of nucleobases can be found: adenine (abbreviated A), cytosine
(C), guanine (G) and thymine (T). The nucleobases are classified into two
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Figure 4.3: Structure of single-stranded DNA molecules.
types: the purines, A and G, being fused five- and six-membered heterocyclic
compounds, and the pyrimidines, the six-membered rings C and T.
4.3.2 Immobilization of DNA strands on solid surfaces
The immobilization of oligonucleotides on solid surfaces represents a crucial
procedure for the correct functionality of optical, electrochemical and electronic
DNA sensors. So far, several procedures and studies have been proposed for
different materials. In particular, thiol-modified single-stranded DNA (HS-
ssDNA) probes have been thoroughly examined. The thiol group (HS) is well
known to form a strong chemical bond with several metal surfaces [65,66]; among
metals, gold represents the standard case study, as it is biocompatible, stable in
liquids and easy to be deposited in thin films. Moreover, gold is typical employed
in several techniques that can be used for the characterization of biomolecular
films. The immobilization of HS-ssDNA probes on gold surfaces have been
deeply investigated by Herne, Tarlov and co-workers [5, 67]. Unfortunately, the
thiol bond is not formed on materials typical of CMOS process, as silicon dioxide,
aluminium and aluminium oxide; for these materials, different strategies must
be employed, but a lower efficiency of the procedure is normally obtained,
especially for aluminium surfaces [68]. In 2005, Alessandrini et al. proposed
a technique which combined the basic procedures for aluminium oxide with
the characteristics of thiol-modified surfaces [69]. The native aluminium oxide,
which naturally grown over the aluminium surface in ambient conditions, was
coated with a 3-mercaptopropyltrimethoxysilane (3-MPTS), which chemically
bond to the hydroxyl groups on the oxide surfaces. The functional group
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of the molecule is a thiol, which can be used to covalently bond HS-ssDNA
to the silylated surface. The effectiveness of the technique was verified by
Quartz Crystal Microbalance (QCM) and Atomic Force Microscopy; the same
steps were later performed in the prototype of the CMFET-based chip [51,52].
Preliminary tests on the CMFET LoC were performed prior to the research
activity here presented, but not reliable and poorly uniform coverage was
obtained.
4.3.3 Influence of the aluminium oxide on functionalization effi-
ciency
It is quite obvious that, independently from the employed chemistry, the actual
characteristics of the aluminium oxide play a crucial role for a successful
functionalization of the aluminium sensing areas. If the aluminium oxide
surface is poorly uniform, or badly chemically active, a too low density of
DNA probes would be anchored; moreover, if the oxide is not robust enough
to the biochemical procedures, aluminium may be exposed thus affecting the
biocompatibility of the system. For these reasons, an accurate investigation on
different oxidation techniques was carried out. In particular, aluminium oxides
grown in three different ways were compared electrically and morphologically:
native aluminium oxide, H2O plasma-grown aluminium oxide and ozone-grown
aluminium oxide.
The electrical (i.e., capacitive) characterization of the three different oxides
was carried out on test capacitors fabricated on silicon wafer. The bottom
plate was made by aluminium deposited by thermal vacuum evaporation; the
top plate of the capacitor was made by gold, thermally evaporated and then
patterned by means of a standard photolithigrahic process. An average area of
3× 0.3 mm2 was obtained.
Three different substrates, hosting 12 capacitors each, were fabricated, one for
each kind of oxide. The native oxide was obtained by means of 90℃baking of the
substrate on a hot plate for 12 hours at free air. The air-plasma oxidation was
performed with a March Plasmond System, at room temperature, at pressure
of 0.5 Torr and with an RF power of 100 W and with an oxidation time of
10 minutes [62]. The ozone oxidation was performed exposing the aluminium
surfaces to an UV lamp (UVP Penray®) at room temperature and at the free
air, according to the procedure already presented in Section 3.3. In Table
4.1 the average results of the capacitive analysis are summarized. From the
electrical point of view, the three investigated techniques seem to produce quite
similar alumina layers: the three different oxides present similar capacitance
and leakage currents although the oxidation with H2O plasma seemed less
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Oxidation Capacitance Leakage Current Breakdown Voltage
Technique [µFcm−2] [µA] [V]
Native 1.6± 0.1 0.46± 0.02 3.00± 0.7
Plasma 2± 0.3 0.8± 0.3 5± 1.00
Ozone 1.76± 0.05 0.51± 0.06 4.3± 0.7
Table 4.1: Electrical properties for the different investigated aluminium oxides.
reproducible. As only remarkable difference, the breakdown voltage of the
native oxide is lower than the supply voltage of the system (VDD = 3.3 V );
this makes native aluminium oxide a weak candidate for adoption on an active
chip.
In order to verify possible differences between the oxides in terms of func-
tionalization efficiency, the same procedure described in [69] and previously
adopted in prototype chip was employed. The analysis started with the native
oxide layer which is the one normally present on the surface of the sensing
pads of the chip after manufacturing, all the further steps were realized on it
without any treatment (except cleaning). In order to efficiently perform plasma
and ozone oxidation, the native oxide must be removed. In this way, it was
possible to obtain a high-quality oxide layer but also to eliminate residuals
incorporated in the native oxide that could pollute the environment in which
the (bio)molecules are anchored thus reducing the sensitivity. Non-oxidized
aluminium can be obtained exposing the oxidized-aluminium surface at a 1%
dilution of sulphuric acid in deionized water for ten minutes, just as reported
in Section 3.3. From now on, such technique will be referred as stripping.
The same oxidation time of test capacitors were employed. After the oxide
formation, a 100 pM solution of 3-MPTS in toluene was injected onto the
channels of the chip, and keep in contact with the sensing areas for one hour
in order to let the silanization process occur; subsequently, the channels were
rinsed with pure toluene in order to eliminate all the not-specifically anchored
molecules. For functionalization, 31-bases HS-ssDNA oligonucleotides, namely
P0 (HS − 5′ − (T )13GGTTTCCGCCCCTTAGTG − 3′), modified with a
Cyanine-3 (Cy-3) fluorescent dye, were employed. The excitation wavelength
of Cy-3 has its peak at 550 nm (visible green), while the peaking wavelengths
of the emission spectrum are at 570 nm, i.e. shifted at the border between
green and yellow. Functionalization was performed by injecting in the channels
a 10 µM solution of P0 in a 1 M potassium dihydrogen phosphate (KH2PO4)
aqueous solution. In order to allow the chemical bond and re-ordering of the
molecules, 15 hours were waited before any further step; the channels were
then rinsed with a 50 mM PBS (sodium phosphate monobasic monohydrate,
NaH2PO4), with a 50 mM concentration of sodium chloride (NaCl) in order
to eliminate aspecifically adsorbed oligonucleotides. The same solution, from
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now on the measurement buffer, was employed to wet the sensing area while
acquiring the fluorescence images. Figure 4.4 depicts images of a group of sens-
ing areas of the chip taken at the fluorescence microscope after the silanization
and functionalization processes. Not functionalized surfaces should appear as
green, since in this case the signal comes from the back-scattered light of the
excitation source, while functionalized surfaces should appear green-yellow: the
higher the yellow component, the higher the number of fluorochromes and,
thus, the better the immobilization of probe molecules. The image of the
sensing surfaces of a not processed chip (a) is prevalently green as expected
and as confirmed in Figure 4.4(g). In Figure 4.4(b) the image of a silylated
native aluminium oxide surface is shown; the 3-MPTS layer appear to strongly
reduce auto-fluorescence of the surface. Figures from 4.4(c) to 4.4(e) show
functionalization of the different kinds of oxides surfaces. If compared to the
silylated surface, all the sensing areas are apparently functionalized. Anyway,
an increasing amount of yellow fluorescence is evident going from native oxide
to plasma- and ozone-grown oxide. This evidence is well confirmed by the
analysis of the fluorescent signal in Figure 4.4(g). Interestingly enough, in the
case of ozone-grown alumina, there is a strong contrast between the sensing
pads and the surrounding area (covered by the Si3N4 standard passivation
layer) which confirms that immobilization of molecules is much more efficient
over alumina than over silicon nitride. This evidence shows a good selectivity
of this kind of chemistry with respect to the surface. Finally, the stripping
procedure was performed on the functionalized chip surface (Figure 4.4(f)):
the sensing pad is green again, proving the complete removal of the 3-MPTS
layer and, thus, of the anchored oligonucleotides. In this way, as the surface of
the sensing area can be re-oxidised and the functionalization process repeated,
the LoC can be used again for further tests, until the aluminium of the sensing
areas would be damaged by the stripping procedure. The stripping procedure
was repeated on several chips, used as DNA sensors, and each one could be
re-used at least 4 times before an evident deterioration of the aluminium pad
was noticed. Thanks to the presented procedure, re-usability can be added to
the CMFET LoC pros with respect to other approaches. In this sense, it is
important to point out that the proposed stripping technique does not depend
upon the kind of chemistry used for anchoring the molecules on aluminium
oxide, being all the molecular layers removed altogether with it. Besides,
especially in the case of DNA analyses, such a procedure could be more efficient
than others (e.g., breaking of the thiol bond of the oligonucleotides on the
3-MPTS layer) in terms of preventing contamination between different analyses
on the same reusable chip. Such results are coherent with the chemical and
morphological properties of the different kinds of alumina surfaces. Plasma and
ozone treatments are well known to favour the formation of hydroxyl groups on
the surface of oxides [62,70] where the 3-MPTS binds; this explains the large
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Figure 4.4: Fluorescence analysis on the surface of the sensing areas of the chip:
(a) not processed chip; (b) silanized chip (over native alumina); (c) functionalized
chip with native alumina; (d) functionalized chip with plasma-grown alumina; (e)
functionalized chip with ozone-grown alumina; (f) chemical etching (1 : 100 H2SO4
solution) of an ozoned, silyated and functionalized chip; (g) green, red and yellow
components of the fluorescent signal coming from the sensing pads of the chip.
difference of fluorescence of DNA molecules on 3-MPTS coated native oxide
with respect to the one obtained for plasma- and ozone-grown oxides. The
residual difference between plasma- and ozone-induced oxide can be explained
by means of Atomic Force Microscopy analyses of their surfacesii. Figure 4.5
shows the surfaces of bare plasma-oxidised (a) and ozone-oxidised (b) surfaces:
the RMS roughness of the alumina is 4.3 nm and 2.3 nm, respectively. Be-
ing the thickness of the 3-MPTS layer (0.8 nm, [71]) lower than the RMS
roughness, the topography of the silylated surface should reproduce the one
of the alumina layer. The microscopical roughness and the density of grain
boundaries were proved to highly influence the uniformity and the stability of
SAMs [72]: the plasma-oxidised surface appears less uniform with respect to
the ozoned one, so a lower quality of the 3-MPTS layer should be expected
and, thus, a lower efficiency in the binding of the oligonucleotides on its surface.
These evidences justify the choice of ozone as oxidizing agent for the sensing
pads in the subsequent DNA hybridization detection tests.
iiThe author gratefully acknowledges Dr. Piero Cosseddu for his kind help with AFM
analysis.
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Figure 4.5: AFM analysis on plasma-grown (a) and ozone-grown (b) aluminium
oxide.
4.4 Hybridization detection
4.4.1 Introduction
In general, hybridization is referred as the process of establishing a non-covalent,
sequence-specific interaction between two strands of nucleic acids into a single
complex; in the case of two strands, such as for DNA double helix, this complex
is called duplex. In the case of DNA, hybridization is determined by the
pairing of two different ssDNA molecules. The DNA double helix is stabilized
primarily by two forces: hydrogen bonds between nucleotides and base-stacking
interactions among aromatic nucleobases. Each type of nucleobase on one
strand bonds with just one type of nucleobase on the other strand. This is
called complementary base pairing. Here, purines form hydrogen bonds to
pyrimidines, with adenine bonding only to thymine in two hydrogen bonds, and
cytosine bonding only to guanine in three hydrogen bonds. This arrangement
of two nucleotides binding together across the double helix is called a base
pair. Hybridization is a reversible process, as the complexes may be dissociated
by thermal denaturation, also referred to as melting. Here, the solution of
complexes is heated to break the hydrogen bonds between nucleic bases, after
which the two strands separate.
4.4.2 Employed biochemical protocol
Subsequently to the identification of the oxidation technique that improve the
functionalization process, the sensitivity to hybridization must be optimized.
In this sense, a too high density of the probe film can affect the hybridization
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efficiency [5, 73]. In order to control the density of DNA probes on gold sur-
faces, Herne and co-workers proposed the employment of mixed self-assembled
monolayer, including HS-ssDNA and a spacing molecule, namely 6-mercapto-1-
hexanol (MCH, HS(CH2)6OH) [67]. By introducing a second molecule in the
probe film, a too dense packing of the oligonucleotides is prevented. For this
reason, the basic technique in Alessandrini et al. was modified in order to in-
clude MCH and improve hybridization efficiency. The overall functionalization
and hybridization can be summarized as in the following:
1. stripping of the native aluminium oxide from the sensing areas by exposing
them to a 1% sulphuric acid solution for ten minutes;
2. controlled oxidation of the clean aluminium surfaces by a ten minutes
exposure to UV-produced ozone;
3. functionalization of the surfaces by exposing them to a 100 pM solution
of 3-MPTS in toluene for an hour; a-specifically adsorbed molecules are
removed by flowing pure toluene in the channels;
4. functionalization with DNA probes by exposing the sensing areas to
10 µM concentration of HS-ssDNA in a 1 M KH2PO4 buffer solution
for 90 minutes;
5. injection of 1 mM solution of MCH in water;
6. storing of the device in wet for about 15 hours in order to allow the SAM
re-ordering.
7. injection of the target sequences, diluted in a TE (10 mM Tris-HCl,
1 mM EDTA) buffer solution with 1 M concentration of sodium chloride.
According to the kind of analysis carried out, different measurement protocols
were developed.
4.4.3 Sensitivity test
At first, the response of the device to DNA hybridization in a standard con-
dition was evaluated. Functionalization was performed employing a 10 µM
concentrated P0 HS-ssDNA in the previously described functionalization buffer;
hybridization was performed by injecting a 10 µM solution of the comple-
mentary target sequences (T0: 5′ − CACTAAGGGGCGGAAACC − 3′) in
the hybridization buffer. All the measurement were performed in the already
introduced, 50 mM PBS 50 mM NaCl measurement buffer, with I1/I2 = 2
and grounding the electrodes. As negative charges are going to be detected,
the responses coming from the p-type sensors will be considered. In Figure
4.6, an example of output voltage variation during the functionalization and
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Figure 4.6: Response of a p-type sensor to the functionalization and hybridization
processes.
hybridization procedures is reported. A reduction of the output voltage both
after functionalization and hybridization, coherent with the increase of the
negative charge, was obtained. Such a response is determined by the contribu-
tion of both DNA strands and measurement buffer, which determines a switch
on of the device (see Figure 4.2). In order to evaluate and compensate the
effect of the buffer, differential measurements were carried out. The first forty
sensors, located in the first channel of the device (from now on "channel 0") were
actually functionalized with HS-ssDNA and hybridized with the complementary
target solutions. The last forty sensors, located in the other channel (from now
on "channel 1"), were silylated with 3-MPTS and then processed with all the
buffers employed for diluting the oligonucleotides. In this way, these sensors
acted as references, and the differential response can be written as
∆Vout,i = ∆VTHF = Vout,i − Vout,i+40, 1 ≤ i ≤ 40 (4.3)
Figure 4.7(a) shows the average differential variation of the threshold voltage
for different kinds of sensing units, characterized by the dimension of the probe
area. It can be noticed that the variation is more similar for small-padded
and medium-padded sensors than for large-padded sensors: this evidence is
consistent with the similar dimensions of the probe areas of small-padded and
medium-padded sensors. Besides, the variation evaluated in these kinds of
sensors is larger than the one obtained for large-padded ones: it depends on
the larger CPAD capacitance, that determines a larger value for CSUM and so,
for a fixed amount of charge, a smaller sensitivity. From the threshold voltage
shift, the total charge during functionalization and hybridization processes can
be extrapolated according to Equation 3.7. Figure 4.7(b) reports the average
charge associated to the oligonucleotides in the different phases of the process
for the different typologies of sensors. It is possible to observe how the amount
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Figure 4.7: (a) Average differential threshold voltage variation during the function-
alization and the hybridization processes for the different typologies of sensor; (b)
average differential charge variation of the different kinds of sensors of a single chip
during the functionalization and hybridization processes, extrapolated according to
Equation 3.7; the embedded table reports the extrapolated density of molecules, as
in Equation 4.4.
of the sensed charge correctly depends on the area of the pads; besides, the
negative charge increases after the functionalization and the hybridization
processes making the overall charge (which includes the positive charge initially
trapped in the device) decrease. The density of molecules anchored on the
sensing areas can be finally extrapolated, being the total charge given by
Q = q·nbasis· ρmol·A (4.4)
where q is the elementary charge, nbasis is the number of basis per oligonu-
cleotides, ρmol the density of molecules and A the area of the sensing pad. The
results are summarized in the embedded table: the amount of molecules immo-
bilized after functionalization is in the range of 1014 m−2, which is consistent
with what reported in literature for similar procedures onto gold surfaces [5].
Interestingly, the density is quite similar for all the typologies of sensors, thus
demonstrating a reproducible packing of the molecules onto the silylated alu-
minium oxide surfaces. With a similar procedure, the density of the hybridized
targets can be extrapolated. The density of the targets is inferior to the one ob-
tained for the probes, proving an incomplete hybridization of the probes. This
result can be explained with the entropic loss upon binding, which overcome
the enthalpic gain upon binding for high concentration of targets in solution,
as demonstrated in Jayaraman et al. [74].
In order to validate the electrical results, fluorescence analyses were performed.
In particular, two different fluorochromes were employed for probe and target
sequences, in order to evaluate both functionalization and hybridization. The
P0 probe sequences were modified with Cyanine-5 (Cy-5) fluorescent dyes,
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Figure 4.8: Fluorescence validation of functionalization and hybridization electrical
detection: (a) functionalized sensors vs. silylated references; (b) hybridized sensors
vs. sylilated references; (c) a particular of the hybridized sensors: the fluorescence is
well located onto the functionalized sensing areas.
which present an excitation wavelength of 650 nm and an emission peak at
670 nm, i.e. in the red-orange spectrum. The P1 target sequences were
modified with Cy-3 dyes. Channel 1 acted as reference for fluorescence, being
not exposed to oligonucleotides. The results are reported in Figure 4.8: after
functionalization (a), the sensor channel appeared brighter than the reference
one, thus proving the occurred functionalization. It is important to considerate
that, as Cy-5 emits in the red spectrum, which is near to the detection limit of
the human eye, such difference may result difficult to be noticed. The difference
is largely more evident after hybridization with Cy-3 modified targets (Figure
4.8(b)): in this case, the fluorescence of the functionalized and hybridized
sensors is clearly distinguishable from the one of the references. Moreover,
as the fluorescence is well located onto the functionalized sensing areas (see
Figure 4.8(c)), a further proof of the correct functionalization can be derived.
Finally, a calibration of the sensor with respect to the target concentration
in the hybridization buffer was performed. The results are reported in Figure
4.9: channel 0 of the device was functionalized with a 10 µM P0 concentration,
while the other was functionalized with a different HS-ssDNA probe (P1,
5′ − (A)13GTCGGTGTAAAGGCTCT − 3′). Both the channels were then
hybridized with different concentration of T0 target sequences; a differential
measurement after hybridization was carried out in order to evaluate the
threshold voltage shift actually related to the hybridization detection. The
detection limit was chosen in 0.1 nM concentration being, in this case, the
total amount of oligonucleotides in the channel volume (6.62 × 106 cm−3)
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Figure 4.9: Calibration diagram of the detected charge density respect with target
concentration during hybridization.
smaller than the total amount of probes immobilized on the sensors (in average
4.18 × 107 cm−2). A linear dependence of the detected charge to target
concentration is obtained until 100 nM dilution. For higher concentrations,
the detected charge rapidly increases and saturates. This behaviour can be
explained by the fact that the total charge anchored on the sensing areas after
hybridization is near to the largest charge detectable with this kind of structure,
as demonstrated in Section 3.3. As a consequence, the highest detectable
concentration is taken in 1 µM .
4.4.4 Selectivity test
The selectivity of the sensor was investigated using DNA molecules
with different amounts of modification with respect to the complemen-
tary sequence. In particular, two sequences were employed, namely
T0-5M (5′ − CACTAGATCTCGGAAACC − 3′) and T0-3M (5′ −
CACTAAATCGCGGAAACC − 3′), differing from T0 by five and three basis
respectively. The two channels were functionalized with the two different probes:
channel 0 with P0 sequence, and channel 1 with P1 sequence. Both the channels
were rinsed with T0-5M, T0-3M and T0 sequences back to back. In this way,
sensors in channel 0 were tested against response to polymorphisms while chan-
nel 1 worked as a reference being functionalized with a fully non-complementary
sequence. The results of a selectivity tests are reported in Figure 4.10. Average
variation of differential charge density is shown. Each value was obtained by
averaging over tens of sensor and subtracting the charge density detected on
channel 1 from the one in channel 0; the variation of charge was evaluated with
respect to the differential charge obtained after functionalization (START).
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Figure 4.10: Selectivity tests: variation in the average differential charge density
detected by the sensors of a chip.
In this case, it is possible to notice that no significant variation was obtained
when modified T0 sequences are injected in both channels (T0-5 in STEP 1 and
T0-3 in STEP 2): this result is coherent with a good robustness of P0 probe
to adsorption of sequences with few polymorphisms. On the contrary, when
T0 sequence was injected in both channels (STEP 3), a strong variation was
measured, with a net decrease of the differential charge, correctly corresponding
to an increase of negative charge immobilized in channel 0. In particular, charge
density in channel 0 decreased, while on channel 1 the charge increased. This
result is coherent with the hybridization of P0 probes in channel 0, which
determines an increase in the negative charge, and consequently a reduction of
the differential charge density; the increase of the charge detected on channel
1 can be related to a-specific effects, e.g. deposit of salt from process and
measure solutions on the sensing areas.
4.4.5 Reliability of the results
The previously proposed results clearly demonstrate the feasibility of the
CMFET-based LoC for the detection of the DNA hybridization process. Thanks
to the significant number of devices embedded on the chip area, a relevant
averaging of the results can be performed in order to reduce the influence of
possible false positive in the detection. Tens of measurements were carried out
on different chips, and, thanks to the device re-usability, different times on
the same chip, giving substantially reliable performances. Nevertheless, the
number of devices which correctly responded to DNA hybridization resulted
each time significantly lower than 100%: in average, only the 42% of the
medium-padded sensors presented a coherent response, and these percentage
is even more smaller for small-padded (33%) and large-padded (28%) ones.
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Interestingly, when the same analysis were repeated on the same sensor after
the stripping, the sensors that correctly responded to DNA hybridization
changed. Moreover, the accuracy of the functionalization and hybridization
processes have been verified every time by means of fluorescence analysis. As
no significant differences between the different measurement conditions can be
derived from the basic model described in Section 3.2, and a significant number
of devices coherently responded to DNA hybridization, a random effect related
to the wet measurement environment was hypothesized.
4.5 Modelling of the device in wet
In order to determine if the wet environment actually influence the reliability
of the measurements beyond the expected modification of the sensitivity range,
different configurations of the sensing elements were compared in wet. In
particular, different connections of the electrodes and different ratios for the
programming currents were considered.
Let’s considering, for instance, the plots in Figure 4.11(a), on which the
output voltages of two matched p-type sensors in the different channels is
reported for different connections of the electrodes and for I1/I2 = 2. In
particular, solid curves are related to a sensor left dry in channel 0, while
dashed ones are the one of the matched sensor in channel 1, which was rinsed
with the measurement buffer. It can be noticed that the wet state dramatically
modifies the slope of the curve with respect to the dry state, and that different
connections of the electrodes in the wet state results in different slopes. Both
these results are not consistent with the basic model, which stated that different
connections of the electrodes modify the intercept of the linear fitting, while the
slope is independent from the voltage applied to them. Moreover, if different
connections of the electrodes are considered, a different response of the sensor to
programmability in wet can be noticed: in this case, when both the electrodes
were connected to the supply voltage VDD, changing the current ratio from 18
to 20 didn’t determined a significant effect, while, for the same I1/I2 values, a
strong variation was recorded were the left electrode was connected to VDD and
the other one was grounded. These evidences demonstrate that the electrode’s
connections in wet strongly influence the overall conductivity of the device,
thus affecting the programmability of the readout schema and so the actual
performances. All these results clearly indicates that an additional, unexpected
coupling between the electrodes and the sensing areas is determined in wet;
as both are oxidised metal surfaces in liquid, this coupling can be modelled
as additional capacitances, Celect(w) and Crelect(w), which influence must be
considered. The modified electrical model of the device in wet is shown in
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Figure 4.11: (a) Output voltages of two matched devices in channel 0, kept dry,
and in channel 1, rinsed with the measurement buffer, for different connections for
the electrodes : both connected to the supply voltage, VDD, both grounded (GND),
left (right) at VDD-right (left) at GND, both floating (FL); (b) influence of different
electrodes’ connection to programmability in the wet state.
Figure 4.12: by modifying Equation 3.4 to include such contributes, the floating
gate voltage can be written as
VFG =
CCF + CFS,N + CFS,P
CSUM + Clelect(w) + Crelect(w)
VCG+
+
Crelect + Crelect(w)
CSUM + Clelect(w) + Crelect(w)
Vrelect +
Clelect + Clelect(w)
CSUM + Clelect(w) + Crelect(w)
Vlelect+
+ CPAD + CFB,P
CSUM + Clelect(w) + Crelect(w)
VDD − CFS,N
CSUM + Clelect(w) + Crelect(w)
∆VN+
+ CFS,P
CSUM + Clelect(w) + Crelect(w)
∆VP +
QTOT
CSUM + Clelect(w) + Crelect(w)
(4.5)
The last equation still represent a straight line, with slope
m = CCF + CFS,N + CFS,P
CSUM + Clelect(w) + Crelect(w)
= N1
CSUM + Clelect(w) + Crelect(w)
(4.6)
and intercept
q = (CPAD + CFBP )VDD + ClelectVlelect + CrelectVrelect − CFSN∆VN + CFSP∆VP
CSUM + Clelect(w) + Crelect(w)
+
+
Clelect(w)
CSUM + Clelect(w) + Crelect(w)
Vlelect +
Crelect(w)
CSUM + Clelect(w) + Crelect(w)
Vrelect+
+ QF
CSUM + Clelect(w) + Crelect(w)
(4.7)
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Figure 4.12: Model of the LoC sensing unit in the wet state.
q = N2
CSUM + Clelect(w) + Crelect(w)
+
Clelect(w)
CSUM + Clelect(w) + Crelect(w)
Vlelect+
+
Crelect(w)
CSUM + Clelect(w) + Crelect(w)
Vrelect +
QF
CSUM + Clelect(w) + Crelect(w)
(4.8)
In the last equations, N1 is a known term, while N2 cannot be determined,
but it is constant. As the capacitances Clelect(w) and Crelect(w) is determined
by the characteristic of the electrodes’ and sensing area’s interfaces with the
electrolyte, their value varies according to the chemical procedures performed
on the chip. For DNA hybridization detection, for instance, they changes
from an initial value (C(0)lelect(w) and C
(0)
relect(w)) to a different one (C
(1)
lelect(w) and
C
(1)
relect(w)) after functionalization, and to a final one ((C
(2)
lelect(w) and C
(2)
relect(w))
after hybridization. Consequently, the value of intercept and slope vary during
the process. As N1 is perfectly known, if the capacitors are equal at every step
(C(i)lelect(w) = C
(i)
relect(w) = C
(i)
elect(w)), their value can be extrapolated from the
slope,
C
(i)
elect(w) =
(
N1
m(i)
− CSUM
)
1
2 (4.9)
Differently from the dry state,a perfect knowledge of the charge from the
intercept is impeded, even if a correlated double-sampling technique is appied.
Let’s consider, for instance, the extrapolation of the charge after functionaliza-
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tion. The intercept before functionalization is
q(0) = N2
CSUM + 2C(0)elect(w)
+
C
(0)
elect(w) (Vlelect + Vrelect)
CSUM + 2C(0)elect(w)
+ Q0
CSUM + 2C(0)elect(w)
(4.10)
being Q0 the total native charge in the floating gate. After the anchoring of the
DNA probes, the charge vary to Q0 to Q0 +QP and the intercept becomes
q(1) = N2
CSUM + 2C(1)elect(w)
+
C
(1)
elect(w) (Vlelect + Vrelect)
CSUM + 2C(1)elect(w)
+ Q0 +QP
CSUM + 2C(1)elect(w)
(4.11)
The variation in the intercept is
∆q = q(1) − q(0) = (N2 +Q0)
[
1
CSUM + 2C(1)elect(w)
− 1
CSUM + 2C(0)elect(w)
]
+
+ (Vlelect + Vrelect)
[
C
(1)
elect(w)
CSUM + 2C(1)elect(w)
−
C
(0)
elect(w)
CSUM + 2C(0)elect
]
+ QP
CSUM + 2C(1)elect(w)
(4.12)
In this case, the unknown terms in the intercept cannot be compensated;
consequently, an error in the intercept is inserted, and a precise evaluation of
the charge QP is avoided. In general, being the intercept at the i-th step given
by the relationship
q(i) =
N2 +
i∑
j=0
Qj
CSUM + 2C(i)elect(w)
+ (Vlelect + Vrelect)
C
(i)
elect(w)
CSUM + 2C(i)elect(w)
(4.13)
the error at that step, εi, is given by
εi =
(
q(i) − q(i−1)
)
− Qi
CSUM + 2C(i)elect(w)
=
=
(
N2 +
i−1∑
j=0
Qj
)
·
(
1
CSUM + 2C(i)elect(w)
− 1
CSUM + 2C(i−1)elect(w)
)
+
+ (Vlelect + Vrelect) ·
(
C
(i)
elect(w)
CSUM + 2C(i)elect(w)
−
C
(i)
elect(w)
CSUM + 2C(i−1)elect(w)
) (4.14)
In the case of DNA hybridization, the term dependent on the electrodes’
polarization is positive, as the capacitance increases upon functionalization
and hybridization; consequently, the error can be minimized by choosing
Vlelect = Vrelect = 0. A complete cancellation of the error can be obtained only
in two, unlikely, conditions:
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• theoretically, if N1 = −
i−1∑
j=0
Qj , but such condition cannot be imposed in
the practice;
• if C(i)elect = C
(i−1)
elect(w), i.e. if the surface doesn’t change upon the modifica-
tion with oligonucleotides, which is a nonsense.
In conclusion, the new model developed for measurement in wet, in which
the coupling between electrodes and sensing pad in wet is modelled as a pure
capacitance, explain the variation of the slope with respect to the dry state, and
states that an unavoidable error is inserted, independently from the electrodes’
polarization. Other effects, as the slope variation with electrodes’ polarization
and the different response to current programmability, are not included in a
pure capacitive interface, but can be explained if parasitic resistive paths are
also considered in the interface model.
4.5.1 The role of the electrodes in hybridization promotion
The proposed model demonstrates that the introduction of the electrodes dra-
matically affected the performances of the device, determining an unavoidable
error in the charge extrapolation.
In order to completely define the role of the electrodes in the LoC design, their
functionality in promoting the hybridization was investigated. The basic tests
carried out in Fixe et al. [54] were replicated: the polarization of the electrodes
was pulsed between ground and VDD with a period of 1 msec and a duty cycle
of 50% for 10 second while the hybridization buffer was flowing into the channel
area; consequently, 104 pulses were applied. In particular, both the channels of
a LoC were functionalized with 10 µM concentration of P0 probes, and Cy-3
labelled target sequences were fluxed in the channels. All the electrodes in
channel 1 were kept grounded, while the ones in a small cluster of sensor (three
small-padded, three medium-padded and two large-padded sensor) were pulsed.
In this way, being the exposition time too short for a standard hybridization,
just the cluster of sensor with pulsed electrodes are expected to hybridize.
Hybridization was verified by means of fluorescence analysis: a single flushing
of target sequences was not sufficient to obtain a detectable hybridization; after
some flushing, all the devices in both the channel started to show a significant
fluorescence, thus demonstrating that no hybridization promotion was actually
obtained. In Figure 4.13, the sensors with pulsed electrodes (in the white box)
are compared with the matched sensors in channel 1.
This result can be explained with the different electrical connection with respect
to the one reported in Fixe et al.: in that case, the stimulating voltage was
applied between the electrodes and the solution, while in the LoC the electrodes
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Figure 4.13: Detail of the channel of the LoC: the electrodes of the sensors in the
white box were pulsed when target sequences in the hybridization buffer were flowing.
On bottom, the matched sensors in channel 1 are shown.
are biased with respect to ground and the solution is left floating. Consequently,
the effective voltage drop near the sensing area is probably lower than the
one imposed. From this point of view, the integration of the electrodes in a
CMFET-based sensing unit lose importance.
5
CMFET-based LoC:
Conclusions and
Outlooks
In the last two chapter, a complete testing of a Lab-on-Chip based on the
CMFET working principle was presented. The sensing element was completely
modelled both in dry and wet state, thus determining the key factors for the
definition of correct and reliable measurements.
From a first modelling and testing in the dry state as pure charge sensor, the
detection limit of the device were defined, thus demonstrating its potential
feasibility to the application as biochemical sensor.
In Chapter 4, the application of the LoC as DNA hybridization sensor was ver-
ified. At first, the proper workability of its accessory functionalities, including
embedded temperature sensors and programmable sensitivity, was demon-
strated. The actual application of the sensing elements to DNA hybridization
detection included several tasks:
• a biochemical protocol for a easy and reliable modification of the sensing
areas’ surfaces with DNA oligonucleotides was defined;
• the re-usability of the LoC by means of a simple chemical etching of the
modified surfaces was demonstrated;
• a measurement protocol, based on differential output and correlated
double-sampling, was defined in order to correctly extrapolate the infor-
mation about the employed oligonucleotides;
• the sensitivity to DNA hybridization was explored by calibrating the
sensor with different concentration of target sequences in solution;
• the selectivity to DNA sequences differing from a few basis with respect
to the complementary one was demonstrated.
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Finally, a thorough analysis of the results was carried out, and a possible limi-
tation in the tested structure was identified. The presence of metal electrodes,
initially conceived for hybridization promotions, represent a serious drawback
in the structure: as demonstrated by a complete modelling of the device in the
wet state, an error in the extrapolated charge is inserted independently from
the chosen bias of the electrodes. Moreover, the electrodes were tested and no
significant promotion in the hybridization was demonstrated.
In conclusion, the obtained results clearly demonstrate the feasibility of the
CMFET approach in CMOS technology, completing and extending the early
results of the first test chip. In particular, the considered LoC completely
fulfilled its role as a further test chip towards the definition of a completely
customized DNA hybridization sensor based on the CMFET working principle.
From this point of view, the results of the research activity in this thesis define
a roadmap for the design of a novel version of the LoC: several point of strength,
as the programmability of the sensing range and the re-usability, can be directly
implemented, while other functionalities regarding the readout circuitry and the
signal conditioning elements may be upgraded. More importantly, all the issues
here defined can be solved: for instance, as the electrodes didn’t demonstrate
their proper functionality in promoting hybridization, they can be omitted in a
novel design, even if a solution for the introduced error would be found.
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detection with an high
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Technologies for
high-performances OTFTs
The development of technologies for high-performances OTFTs represent a
crucial step for going beyond the preliminary results in the OCMFET. In
this chapter, the two main technological processes developed to this aim are
thoroughly presented. In particular, a novel, highly reliable fabrication process
for low voltage OTFTs will be provided; the combination of this feature with
the reduction of the parasitic capacitances by means of photolithographic self-
alignment will be finally presented.
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6.1 Introduction
Although the implementation of the CMFET working principle in organic
electronics was demonstrated for pH sensing and DNA hybridization detection
(see Section 2.2.3), several issues remained pendent. The high operating voltages
needed to bias the organic transistor represented the strongest limitation for
the application of the OCMFET as biosensor. First of all, even if the OCMFET
was particularly conceived as disposable sensor for field measurement kit, its
actual portability was seriously reduced by the high polarization voltages. More
importantly for the application of the device as biosensor, the application of high
electric field can affect the stability of the biological components, especially in
liquid, thus dramatically reducing the reliability of the electrical measurement.
In addition, a proper investigation on the OCMFET performances was missing.
So far, OCMFET-based sensor have been fabricated using a few OCMFET
structures on the same substrate, which were characterized as single transistor;
consequently, the final behaviour of the device can be efficiently described
according to the basic model in Section 2.1. Moreover, it is important to point
out that, taking advantage of the peculiar characteristic of organic technologies,
the OCMFET can represent an important testbench for defining the influence
of the layout characteristics in the final performances of the device. In Demelas
et al. [57] a first optimization of the sensitivity was implemented by reducing
the parasitic capacitances in the layout; nevertheless, precise design rules and
methods for a reliable optimization of the performances were not explored.
Interestingly, although an overall reduction of the capacitances in the layout was
realized, no significant increase in the reliability of the result was obtained, thus
demonstrating that it can be mainly related to the actual operating voltages of
the device.
In order to overcome such limitations, a strong effort was devoted to the
definition of technological processes for the fabrication of high performances
organic transistor. In particular, two main tasks were considered. The devel-
opment of techniques for a reliable fabrication of low voltage transistors was
firstly considered. In order to go beyond the basic approaches in literature,
different merit figures were considered for the overall process, as reliability,
easiness, compatibility with plastic substrates, low cost and up-scalability to
an industrial size. In order to reliably reduce the parasitic capacitances of the
layout to their minimum, the self-alignment of the source and drain electrodes
with the floating gate was carried out. This technique is well known for the
fabrication of inorganic transistor, but is rarely employed for OTFTs, as it
represents a complication of the basic fabrication process necessary only were
high operating frequencies are mandatory. Consequently, the definition of a
self-alignment technique which can be easily and reliably performed within
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the low voltage process without significantly increasing the complexity of the
fabrication process was carried out.
As final outcome of these tasks, an OTFTs capable to be operated at low
voltages, and with improved frequency performances (as a result of the self-
alignment process) can be obtained. This high-performances OTFTs will
represent the basic building block in a completely novel implementation of the
OCMFET, which will be tested as DNA hybridization sensor.
6.2 Ultra-low voltage OTFTs fabricated on plastic
substrates by a highly reproducible process
6.2.1 State of the art
In order to make the performances of OTFTs as comparable as possible to the
ones of inorganic transistors, the low voltage workability represent a crucial
point. For this reason, the definition of technologies for the fabrication of low
voltage OTFTs have attracted a rising interest in the last years. In general,
the output current of an OTFT can be written as
IDS = αµCINS
W
L
f (VGS , VDS) (6.1)
where α and f (VGS , VDS) are respectively a constant and a function of the
voltages, which values depend on the operating regime of the device, µ is the
carrier mobility, CINS is the capacitance of the gate insulator, W and L are the
width and the length of the channel, respectively. In order to decrease the oper-
ating voltages without reducing the output current, the term µCINSW/L must
be increased. Even if several examples of high mobility organic semiconductor
have been proposed so far [75, 76], the layout optimization represents the most
valuable way to reach the low operating voltages, thus making the final perfor-
mances of the devices less reliant on the choice of the organic semiconductor
and the stability of its electrical characteristics in time. Increasing the form
factor W/L by reducing the channel length, was widely explored as solution
for low voltage workability. In order to reduce the channel length, several litho-
graphic high-resolution techniques have been proposed. Nanometric-channel
devices have been realized by means of nanoimprint lithography (NIL) [77]
and e-beam lithography [78]. In the field of organic electronics, a great interest
is directed to printing techniques, which can be easily employed for low cost,
highly reliable and large-area processes. Despite the fact that the obtained
resolutions (∼ 10 µm) are typically lower than in photolithographic processes
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(∼ 1 µm), sub-micrometrical channel OTFTs have been printed by means of
Self-Aligned Patterning (SAP) of source and drain contacts [79]. In SAP, the
drain contact is printed onto the source contact, previously coated with a
highly hydrophobic surface layer; in this way, the over-printed drop slides on
the source contact, defining a very narrow channel aside. As main limitation
of reducing the channel length, a deterioration of the performances of the
device are generally observed. As for inorganic transistor, the short channel
effects are related to the characteristics of the longitudinal (source-drain) and
transverse (source-gate) electric fields [80, 81]. When the channel length is
shortened and became comparable with the thickness of the gate insulator,
these electric fields became similar, thus leading to several deviation from
the basic modelling of the conduction mechanism, like space-charge-limited
currents (SCLCs) or the mobility dependence on the longitudinal electric field.
Consequently, several nonidealities, such channel length modulation effects and
loss of field effect, can be noticed in the current characteristics. Increasing the
gate capacitance represents the most investigated strategy for reach low operat-
ing voltages, as several solution can be adopted. For instance, the employment
of materials with high dielectric constant (high-κ), such as electrolytes [82]
and metal oxides [83], has been taken into account. Though very interesting,
the employment of electrolytes as gate insulator suffers the strong limit that
they should not exchange charge with the organic semiconductor and this is
not always necessarily the case; moreover, switching speeds could be severely
limited by the ion diffusivity within the electrolyte. Metal oxides are generally
preferable, as they can also be deposited in very thin films. Nevertheless, metal
oxides could need to be processed at high temperature (∼ 300℃, [84]) and
generally form a not-ideal interface with organic semiconductors, because of
surface roughness and surface chemical groups which can act as charge traps.
Contrary to metal oxides, organic dielectrics are well known to form ideal inter-
faces with organic semiconductors, but they are normally characterized by low
dielectric constants, and depositing them on large areas in very thin films and
in a reliable way is not trivial. Although the feasibility of pure organic SAMs
for the fabrication of OTFTs has been demonstrated [85], the employment
of cross-linked polymers [86, 87] and self-assembled nanodielectrics [88] has
recently attracted a rising interest for the fabrication of solution-processed,
ultra-thin organic dielectrics with high insulating properties; nevertheless, as
spin coating is currently the basic procedure for obtaining ultra-thin films from
liquid phase, the application of such materials on large areas is avoided.
In order to overcome the limitations of pure inorganic and organic dielectrics,
their combination for the fabrication of hybrid insulating layers has been
thoroughly explored. In hybrid inorganic/organic insulating structures, the
most of the insulating properties are related to the inorganic component, while
the organic material provides the interface with the organic semiconductor.
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Figure 6.1: Approaches to low voltage OTFTs by increasing the insulating capaci-
tance: (a) cross-linked organic dielectrics [87], (b) self-assembled nanodielectrics [88],
(c) self-assembled monolayers [85], (d)-(e) high-κ metal oxides [83, 84], (f) electrolyte-
gated transistors [82], (g)-(h) hybrid organic/inorganic dielectrics [89, 92].
In this case, the employment of SAMs on moderately large areas is allowed,
as they form very thin films and the issues related to their defectiveness
are relaxed by the coupling with the inorganic dielectric. So far, silicon
dioxide [89] and, above all, aluminium oxide [90, 91] has been employed as
inorganic dielectrics in combination with SAMs; in particular, aluminium oxide
is generally considered the best choice in this case, as it has a moderately-high
relative dielectric constant (8÷ 12) and can be obtained with processes feasible
for plastic electronics in thin (nanometric) films. Although some examples of
the application of such devices in electronic circuitries has been reported [92],
some issues still remain: the efficiency and the durability of the dielectric layer
are reliant on the quality of the SAM which is strongly affected by several
parameters as substrate surface corrugation and environmental conditions, such
as temperature and humidity. Consequently, the reliability of the fabrication
process is generally scarce, thus impeding its application to an industrial size.
6.2.2 Development and characterization of a novel, ultra-thin
hybrid organic/inorganic dielectric
In order to overcome the main limitations related to the employment of SAMs in
hybrid dielectrics, an alternative fabrication procedure for obtaining ultra-thin
hybrid organic/inorganic insulating layer on plastic substrates was investigated.
Principle as easiness and reliability of the overall process were taken to define
a roadmap in the research activity; moreover, low costs and scalability to an
industrial size were taken into account. From this point of view, aluminium
oxide remained the best choice for the inorganic component, as it can be
deposited or directly grown on aluminium by means of several techniques
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feasible with plastic electronics. In particular, UV-produced ozone was employed
as oxidizing agent; this choice is mainly related to the experience gained in
the oxidation process of the aluminium surfaces in the CMFET-based LoC
(see Chapter 3 and Chapter 4). The main innovation is represented by the
employment of a polymer as organic component in the hybrid dielectric. In
particular, Parylene C was chosen, as it is widely employed as insulating material
for organic transistors [93]. Parylene is the trade name for a variety of chemical
vapour deposited poly(p-xylylene) polymers used as moisture and dielectric
barrier. Among them, Parylene C is the most popular due to its combination
of barrier properties, cost, and other processing advantages. Although Parylene
deposition requires a dedicated instrumentation, it is already widely employed
in several industrial processes for the fabrication of insulating films of different
thicknesses (from tens of nanometers up to tens of micrometers) with excellent
properties in terms of reliability and quality [94].
At first, different oxidation times were tested in order to determine the actual
thickness of the aluminium oxide (from now on, AlOx). Test capacitors, fab-
ricated on a 175 µm-thick polyethylene terephthalate (PET) substrate, were
employed to determine the thicknesses from the value of the capacitance. The
bottom aluminium plate was deposited by means of thermal evaporation in
vacuum, on which the AlOx was grown. The top plates of the capacitors were
finally fabricated by gold thermal evaporation in vacuum. An Agilent 4284A
Precision LCR Meter was employed for the characterization. As reported in
Figure 6.2(a), a maximum thickness of about 7 nm was after one hour, which
corresponded to a capacitance of about 1 µFcm−2 considering εr = 10 as
relative dielectric constant. The final thickness of the Parylene C is determined
by the quantity of the precursor employed in the deposition process. Conse-
quently, a calibration of the thickness with respect to the starting precursor
weight was carried out by means of capacitive measurements. The same ca-
pacitive structures employed for characterizing the AlOx were employed; in
this case, an oxidation time of 1 hour was chosen. Parylene C was deposited
employing different precursor weight at the same pressure condition of the
Chemical Vapour Deposition unit. In order to precisely evaluate the effect of
the Parylene C deposition on the characteristics of the hybrid dielectric film,
both capacitance and parallel parasitic resistance of the film were measured; the
results are reported in Figure 6.2(b). It can be noticed that very small amounts
of Parylene C precursor (60 mg) were sufficient to give rise to significant
variations in the capacitance, but the resistance of the film remained similar
to the one of the bare aluminium oxide, thus proving that an uniform film
wasn’t formed. By increasing the precursor weight, the value of the resistance
progressively increased, while the capacitance decreased. In particular, as very
small differences in the capacitance were noticed between 150 mg and 300 mg,
this last amount of precursor was chosen as reference, being significant, on
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Figure 6.2: (a) Capacitance per area unit of UV-grown aluminium oxide (AlOx)
as a function of the oxidation time; the corresponding thickness of the oxide was
extrapolated considering εr = 10; (b) Capacitance and parallel parasitic resistance
of the aluminium oxide-Parylene C film as a function of the weight of Parylene C
precursor employed for its deposition.
the other hand, the increase of the parallel resistance. The combination of
7 nm-thick AlOx with a Parylene C film deriving from the CVD of 300 mg of
precursor determined a total capacitance of 137 nFcm−2. If two distinct layer
are supposed to be formed, the measured capacitance is given by the series
of a bare AlOx capacitor and a bare Parylene C capacitor; consequently, a
thickness value of about 19 nm of the Parylene C film can be derived from the
inverse relationship of the series capacitance. The AlOx and AlOx/(300 mg)
Parylene C test capacitors were finally subjected to a voltage stress test in
order to define the breakdown field: thanks to the Parylene C, this parameter
increased from 0.6 MV cm−1 for AlOx to 5 MV cm−1 for the hybrid dielectric,
thus proving a general improvement of the insulating properties of the film.
The characteristics of the hybrid dielectric where further investigated by means
of Transmission Electron Microscopy (TEM) analysis performed on samples
fabricated onto Si− SiO2 substrates. As shown in Figure 6.3(a), the actual
thickness of the aluminium oxide is of about 6 nm, thus being coherent with the
extrapolated value. In Figure 6.3(b), an example of AlOx-Parylene C (300 mg)
is shown; an actual thickness of about 25 nm was verified, thus slightly different
from one the extrapolated from the capacitive measurements. Interestingly,
when a smaller amount of Parylene C precursor was employed (Figure 6.3(c), for
150 mg), no continuous Parylene C film was observed, but only small isolated
islands. The analysis of these island by means of Energy Dispersive X-Ray
Spectroscopy (EDX, Figure 6.3(d)), revealed an high concentration of carbon,
thus confirming their organic nature. As the capacitive analysis confirmed that
even smaller amount of precursor were sufficient to significantly modifying the
characteristic of the AlOx film, it can be derived that Parylene C can penetrate
among the oxide grains, sealing the leakage pathways across the oxide, and
reducing the global dielectric constant of the derived "metamaterial". Moreover,
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Figure 6.3: Transmission electron microscopy micrographs of (a) bare AlOx, (b)
300 mg Parylene C/AlOx films and (c) 150 mg Parylene C/AlOx ; (d) EDX spectra
corresponding to points 1 and 2 in (c) showing the presence of a Parylene C island at
the top of the AlOx film; AFM images of bare aluminium oxide (e) and Parylene C
on aluminium oxide (f).
Atomic Force Microscopy (AFM) reveals that the Parylene C film acts as a
smoothing layer, allowing a dramatic reduction of the surface corrugation, with
a root mean square roughness (RMSR) that goes from 5.5 nm for AlOx films
to 1.3 nm for AlOx/Parylene C (300 mg) films.
6.2.3 Fabrication and characterization of OTFTs with hybrid
dielectrics
Subsequently to the successfully calibration of the dielectrics’ thicknesses in
the hybrid film, the first prototypes of OTFTs employing the AlOx-Parylene
C combination were fabricated. In Figure 6.4, the fabrication process is
depicted. The substrate is a 175 µm-thick PET foil, on which the gate is
patterned by photolithography of an unique aluminium film deposited by
thermal evaporation (a). The aluminium oxide was directly grown on the
aluminium gate by UV-produced ozone exposure for 1 hour at free air (b). A
25 nm-thick Parylene C film was then deposited by CVD at room temperature
(c). A bottom contact configuration was chosen, so source and drain were
patterned by photolithography (W/L = 3800) of a gold film deposited by
thermal evaporation (d) before the deposition of the organic semiconductor
(e). In order to provide a consistent basis of comparison, OTFTs with the
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Figure 6.4: Fabrication process of the low voltage OTFTs employing the hybrid
AlOx/Parylene C dielectric.
same geometry but employing bare aluminium oxide as gate dielectric were
also fabricated.
In Figure 6.5(a) and Figure 6.5(b), the output and the transfer characteristic
curves of the OTFTs employing aluminium oxide as gate dielectric and pen-
tacene as organic semiconductor are shown. Pentacene was deposited by means
of thermal evaporation in vacuum (10−5 Torr). Thanks to the high capacitance
per area unit, a threshold voltage of about −1 V was averagely obtained, thus
allowing the low voltage workability. Nevertheless, several drawbacks were
noticed. For instance, high leakage current densities (∼ 10−5 Acm−2) were
obtained, thus proving the defectiveness of the ozone-grown aluminium oxide.
Moreover, low mobility (∼ 10−3 cm2V −1sec−1 in air) and subthreshold slope
(∼ 500 mV dec−1) were also measured. As main reason for the low mobility,
the morphology of the pentacene film growth onto the aluminium oxide (see
Figure 6.5(c)) and an high density interface trap sites can be invoked. In
particular, this last term can be directly derived by the subthreshold slope
from the relationship [95]
NmaxSS =
[
SS· log(e)
kT/q
− 1
]
CINS
q
(6.2)
thus being in the order of 1014 cm−2eV −1. Finally, but not less important,
a very scarce yield in the fabrication process was obtained: because of the
defectiveness of the AlOx film, short-circuits between source/drain and gate
contacts were quite common, and consequently just the 15% of the devices
fabricated (over about 60 devices) resulted measurable. Figure 6.5(d) and
Figure 6.5(e) report the output and the transfer characteristic curves of a
device employing the hybrid dielectric. As more evident result of the Parylene
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Figure 6.5: Output (a) and transfer (b) characteristic curves of OTFTs fabricated
with bare AlOx as gate dielectric, and (c) morphology of pentacene onto the AlOx
surface; output (d) and transfer (e) characteristic curves of OTFTs fabricated with
AlOx/Parylene C hybrid gate dielectric, and (f) morphology of pentacene onto the
hybrid dielectric’s surface.
C coating, a reduction of the leakage current of four order of magnitude was
obtained (∼ 10−9 Acm−2). Despite the total capacitance was reduced, both the
threshold voltage (∼ −0.5 V ) and the mobility (∼ 10−2 cm2V −1sec−1 in air)
averagely increased: this is an effect of the improved morphology of the semicon-
ductor layer, which grain size significantly increased (∼ 500 nm vs. ∼ 100 nm,
see Figure 6.5(f)) as a consequence of the smoothing action of the Parylene C
layer. Moreover, the subthreshold slope doesn’t change: as the capacitance is
now lower than the one of the bare AlOx, from Equation 6.2, a reduction of
the interface state trap density can be obtained (now 1012 cm−2eV −1), thus
demonstrating that Parylene C improved the dielectric/semiconductor interface.
Finally, the process yield was dramatically increased, up to 95% over hundreds
of devices fabricated within three years. This result is particularly outstanding
taking into account that the whole fabrication process was carried out in an
academic laboratory in ambient conditions, i.e. without employing white (or
grey) room. Consequently, fabrication yield of about 100%, feasible with large-
scale production processes, can be reasonably predicted at an industrial size.
The feasibility of the low voltage structure with solution processable organic
semiconductors was also verified. The interest on this kind of semiconduc-
tors have experienced a significant increase in the last year, as reproducible,
large area techniques, such as inkjet printing [96, 97], can be employed for
their deposition. In particular, TIPS pentacene and Polyera ActivInk® N1400
were employed as p-type and n-type semiconductor, respectively. Both these
6.3. Self-aligned, ultra-low voltage OTFTs 119
Figure 6.6: Output (a-c) and transfer (b-d) characteristic curves for low voltage
OTFTs based on the hybrid dielectrics and employing TIPS pentacene (a-b) and
Polyera ActivInk® N1400 (c-d) as organic semiconductors.
semiconductors are characterized by high stability in ambient conditions. A
0.5 wt% solution of TIPS pentacene in toluene was drop-cast on the channel
area, and let dry at 90℃ onto an hot plate in order to promote crystalliza-
tion. ActivInk® N1400 was deposited by spin coating of a 1 wt% solution in
dichlorobenzene, and then let dry on an hot plate at 50℃. The results are
reported in Figure 6.6: as the final morphology of the TIPS pentacene film is
less reliant on the characteristic of the substrates, mobility higher than the
one of pentacene (0.1 cm2V −1sec−1) were averagely obtained; for both the
semiconductors the obtained average mobility resulted consistent with the
values reported in literature for low voltage OTFTs [98]. Interestingly enough,
the process yield for OTFTs employing bare AlOx and solution processable
semiconductor resulted even lower (∼ 10%), as possible effect of the employed
organic solvents which can affect the integrity of the dielectric film.
6.3 Self-aligned, ultra-low voltage OTFTs
6.3.1 Self-alignment: motivations and state of the art
In the particular case of OCMFET, the introduction of the self-alignment
technique is mainly related to the reduction of the parasitic capacitive contri-
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bution in the layout in order to improve the sensitivity. Generally for organic
technology, self alignment is mainly related to the improvement of the OTFTs
frequency performances. The cutoff frequency (fT ), which is the frequency at
which the current amplification is lost (IDS/IGS = 1), is commonly employed
as merit figure. Its value is generally given by the relationship
fT =
gm
2pi (CG + CP )
(6.3)
where CG is the gate capacitance and CP the sum of the parasitic capacitances
in the layout, and gm is the transconductance of the transistor, which can be
written as
gm = µCINS
W
L
VDS (6.4)
in the linear regime, and as
gm = µCINS
W
L
(VGS − VTH) (6.5)
in the saturation regime. According to these last equations, high operating
frequencies can be obtained by employing high-mobility organic semiconductors
and by optimizing the geometry of the transistor, i.e. reducing the channel
length and the overlap between source/drain and gate contacts (parasitic
contributions to CINS). The improvement of the mobility and the reduction of
the channel length have been already considered for low-voltage workability.
As already introduced, the channel length can be reduced without incurring
in short-channel effects if the gate capacitance is properly increased, thus
bringing to a reduction of the cutoff frequency. If low voltage devices capable
to be operated at high frequencies would be obtained, the reduction of the
parasitic capacitances becomes crucial. In self-aligning techniques the gate
is used to define perfectly aligned source and drain contacts; in this way, in
principle, there is no overlap between source/drain and gate. Self-aligning
can be performed for the fabrication of OTFTs only on transparent, plastic
substrates in bottom-gate, bottom contact devices. The photolithographic
self-alignment in OTFTs has already been proposed in the past [99], but the
employed dielectric layer was a relatively thick PET film that did not allow
obtaining low operating voltages. Very recently, Tseng and Subramanian [100]
introduced a novel and interesting approach for fabricating self- aligned source
and drain electrodes by inkjet printing. In their work, the SAP technique
was applied both for source and drain electrodes on top of the gate, which
was previously coated with a hydrophobic insulating layer. The aim of this
procedure was to fabricate fully printed OTFTs for high frequency applications;
however, only relatively thick insulating layers can be printed on large areas,
therefore low operating voltages cannot be generally reached. More importantly,
as the channel is exactly superposed to the gate electrode, inkjet printing low
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Figure 6.7: Approaches to self-alignment: (a) photolithography [99], (b) inkjet
printing [100]; (c) micro-imprinting and angle deposition during thermal evaporation
[101].
resolution is a limiting factor for the minimum achievable length. In Jeon et
al. [101], a micro-imprinting technique is employed to pattern a plastic substrate
with poly(methyl methacrylate) (PMMA) prism-like structures; short channels
and self-aligned contacts are obtained by thermally evaporating source/drain
and gate electrodes on the different prisms’ sidewalls. The structure can work
at gate voltages below 10 V , and a cutoff frequency of 10.1 kHz was reached.
Although the process is very interesting, the up-scaling of this technique to
large-areas is not trivial.
6.3.2 Definition of a self-alignment process in standard pho-
tolithography
Although photolithography is considered the standard process for the fabrication
of self-aligned devices, a good reliability can be generally obtained only by
chemically treating the photoresist in order to define the best shape and
properly reduce the overlap between the contacts [102]. This procedure can
represent a complication of the fabrication process that can partially overcome
the advantage of reducing the number of masks necessary for define the device.
For this reason, a self-alignment process that can be carried out in a standard
photolithogaphic process, i.e. without requiring any further chemical treatment,
was investigated. The overall process is described in Figure 6.8. The basic
structure is the one of the low voltage OTFT; in this case, the gate is patterned
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Figure 6.8: Main steps in the realization of the self-aligned OTFTs: the patterned
gate electrode (a) acts as mask in the photolithographic process, (b) so the developed
positive photoresist covers only the gate contact, (c) a thermal evaporation of gold
defines source and drain contacts, (d) the lift-off process removes the gold deposited
onto the gate, (e) so a minimal overlap with the gate contact is obtained. In the
inserts, the patterned gate before and after the self-alignment is shown.
in order to define the final channel shape, as shown in the insert of Figure 6.8(a).
As main difference with respect to the previously presented process, aluminium
oxide was grown onto the gate by annealing it in an oven for at least twelve hours
at 50℃; this choice was mainly related to overcome possible adhesion issues
related to the UV exposure of the substrate, which may affect the reliability
of the self alignment process. The self-aligning process is performed by using
the patterned gate as a mask. AZ1518 positive photoresist was deposited by
means of spin coating onto the substrate surface. By properly setting the spin
coating parameters, (2000 rpm for 15 sec), a 2.5 µm-thick film of photoresist
was deposited on the surface. In order to perform the self-alignment process,
the deposited photoresist film was exposed to UV radiation through the back
side of the transparent substrate (b). After the development, the photoresist
covered only the gate electrode (c). After this step, a thin gold film was
deposited on the whole structure (d) and source and drain electrodes were
patterned by lift-off : by rinsing the device with acetone, the gold deposited
onto the photoresist was removed, thus defining source and drain electrodes
reproducing the geometry of the underlying gate electrode, as can be observed
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Figure 6.9: (a) Microphotograph of the gate area; (b) Top-view Scanning Electron
Microscopy (SEM) image of the gate area showing the four Focused Ion Beam (FIB)
cross-sections; (c) Tilted-view SEM image of a cross-section showing the different
device layers, and the overlap between source/drain and gate electrodes.
by comparing the insert in Figure 6.8(a) and 6.8(e).
The actual overlap obtained with source/drain and gate electrodes was measured
by means of Dual Beam FIB–SEM cross-section analysis. Four cross- sections
were cut by FIB milling across the electrode borders along the same line, as
shown in Figure 6.9. The cross-section procedure consisted of three steps. First,
a layer of Pt-C material was deposited on the selected site by FIB-assisted
deposition of a metal organic precursor to protect the surface from FIB milling.
In the second step, a rectangular box (10 µm wide, 3 µm long and 2 µm
deep) was milled to expose a vertical wall to SEM inspection. Finally, the
cross-section wall was cleaned from residual material by high-resolution FIB
milling and was ready for SEM analysis. As shown in Figure 6.9, the final result
is a sharp cross-section that allows to neatly distinguishing all the different
layers composing the device structure. This technique allowed measuring an
overlap in the range of 1 µm reproducible along the whole gate border. Thus, a
global overlap of less than 3% with respect to the total gate area was estimated.
6.3.3 Electrical characterization
In Figure 6.10 the output and transfer characteristics of self-aligned transistor
employing TIPS pentacene (a)-(b) and ActivInk® N1400 (c)-(d) are shown.
With respect to the low voltage devices of Figure 6.6, several observations
can be made. First of all, self-aligned OTFTs show a slightly higher thresh-
old voltage. This effect can be ascribed to the reduction of the parasitic
capacitances. As the injection and extraction of the charge carriers into and
from the channel is related to the electric field in the injection/extraction
areas, when the overlap is reduced, border effects in the electric field become
dominant, and, as a consequence, injection/extraction barriers are increased.
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Figure 6.10: Output (a-c) and transfer (b-d) characteristic curves for self-aligned,
low voltage OTFTs based on the hybrid dielectrics and employing TIPS Pentacene
(a-b) and Polyera ActivInk® N1400 (c-d) as organic semiconductors.
However, the shift of the threshold voltage was typically of about 1 V , so
the low voltage behavior was preserved. Despite this minor drawback, sev-
eral improvements in self-aligned structures were observed. Thanks to the
reduced overlap, the leakage current was further reduced with respect to stan-
dard low voltage devices. Moreover, the ION/IOFF ratio was increased of
one order of magnitude. Better values of the subthreshold slope were also
recorded. From the output characteristics, saturation and current modulation
are fully preserved. Mobilities of (9±5)×10−2 cm2V −1sec−1, with a maximum
value of 4 × 10−1 cm2V −1sec−1, were measured for TIPS pentacene, and of
3× 10−3cm2V −1sec−1 for Activink® N1400. Finally, thanks to self-aligning,
maximum gate voltages of 50 V can be sustained by self-aligned structures,
while standard low voltage are usually damaged for gate voltages higher than
5 V . Moreover, it is noteworthy that the overall process yield (evaluated over
hundreds of devices) of low voltage, self-aligned OTFTs is near to 100%, against
the 95% obtained with standard low voltage devices. It is possible to ascribe
both these features to the fact that the overlapping area in low voltage devices
is bigger than the one of self-aligned ones, thus determining a higher probability
of falling across short circuits for the first typology of devices.
The improvement of the electrical characteristics of the OTFTs with self-
6.3. Self-aligned, ultra-low voltage OTFTs 125
Figure 6.11: (a) Structure of complementary inverters employing low voltage and
low voltage, self-aligned devices; (b) transfer characteristic curve of the low voltage
inverter; (c) transfer characteristic curve of the low voltage, self-aligned inverter.
alignment is well represented by fabricating small circuitries, such as inverters
and ring-oscillators [103–105]. In Figure 6.11, the electrical performances of
complementary inverters employing low voltage (a) and low voltage, self-aligned
(c) OTFTs is shown. The improvement related to the self-alignment are quite
evident: as a result of the reduction of the parasitic contribution, the hysteresis
of the curves is dramatically reduced; the higher ION/IOFF determines a
significant improvement in the switching behaviour, as clearly represented by
the higher voltage gain. Moreover, as the devices showed similar threshold
voltages, on and off range are well balanced.
6.3.4 Frequency characterization
As representative testbench for the presented self-alignment procedure, an
electrical characterization using alternative large and small signals was chosen.
As representative term of comparison, low voltage (LV) and low voltage, self-
aligned (LVSA) OTFTs with the same geometry (rectangular-shaped channels,
W/L = 500) and dielectric (temperature-grown AlOx, 25 nm Parylene C)
were fabricated and tested. As first analysis, the switching behavior was
evaluated. The transistors were connected as shown in Figure 6.12(a) and
biased with large gate signals in order to obtain complete switch on and switch
off. For LV devices, a source voltage of 1.5 V was set; a square waveform VIN
(VOFF = 0 V , VON = 1.5 V , duty cycle = 25%) was applied to the gate. For
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Figure 6.12: (a) Measurement setup for the evaluation of the response of LVSA
and LV devices to large signals; (b) output voltages for LVSA and LV devices as a
response to square-wave gate voltage.
LVSA devices, the bias voltage was V S = 3 V with a square-waveform VIN
(VOFF = 0 V , VON = 3 V , duty cycle = 25%), thus setting the two devices in
the same over-threshold conditions. In Figure 6.12(b) the normalized input
and output signals at 100 Hz are shown. As the parasitic capacitances of
LVSA devices are one order of magnitude lower than the one of LV OTFTs,
the overshooting effect at the edges of the input signal was reduced; for LV
OTFTs, higher peaks are reached (trunked in the figure). Rise and fall times
of 1 msec at 100 Hz were recorded for LVSA devices, while for LV OTFTs
the slower dynamic and the overshooting impede the complete depletion of the
channel, and thus its switch-off. For higher frequencies, a high-pass effect due
to the gate-drain parasitic capacitance appears, and eventually transistor effect
becomes completely negligible.
Transfer functions of LV and LVSA devices were finally determined. The
working point was set by constant gate-source and gate-drain bias (VGD =
VSG = 2 V for LV devices, VGD = VSG = 4 V for LVSA devices); a small sine
signal (peak-to-peak amplitude of 50 mV for LV devices, 20 mV for LVSA
devices) was applied between gate and source. The input and the output
currents were evaluated by measuring the voltage drop on input and output
resistors (RIN and ROUT respectively). The results are reported in Figure
6.13. For LV devices, the cutoff frequency is 100 Hz, while for LVSA it is
100 kHz. This dramatic difference is related to the reduction of the overlap
area, as it brings to a reduction of the parasitic capacitances and also to the
reduction of the probability of fall across defects in the insulating layer. In fact,
parasitic capacitances of LVSA devices also showed higher parallel resistances
with respect to the ones in LV OTFTs, thus indicating a quasi-ideal capacitive
behavior. On the contrary, the parallel resistances in LV devices overcame the
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Figure 6.13: (a) Measurement setup for the evaluation of the cutoff frequency of
LVSA and LV devices as a response of small signals; (b) transfer function for LVSA
and LV OTFTs.
capacitances at lower frequency, thus determining a parasitic path between
input and output of the amplifier.
trick
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Low voltage OCMFET
for DNA hybridization
detection
In this chapter, the low voltage implementation of the OCMFET will be presented. The
fabrication steps and a complete characterization of the sensor for DNA hybridization
detection will be provided. An innovative analysis on the physical phenomena related to the
bioreceptor layer and contributing to the final sensitivity of the device, will be carried out.
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7.1 Introduction: device structure and detection
mechanism
As already introduced in Chapter 6, the low reliability of the previous imple-
mentations of OCMFET [55,57] may be related to the high operating voltages
necessary for biasing the transistor. For this reason, the reduction of the
operating voltages of the OCMFET was firstly addressed, without considering
the layout optimization. In order to obtain a consistent comparison with the
previous results for DNA hybridization detection, a structure is substantially
identical to the one in Demelas et al. was employed. As shown in Figure 7.1, the
device is entirely fabricated onto a plastic substrate in the bottom gate, bottom
contact configuration. In this case, the bottom gate configuration is manda-
tory for the fabrication of the hybrid aluminium oxide/Parylene C dielectric.
The sensing area was made of gold, and directly connected to the aluminium
floating gate. This choice was mainly related to providing a biocompatible
and environmentally stable interface to the biomolecules; moreover, as already
reported in Section 4.3.2, the functionalization of gold with oligonucleotides is
thoroughly characterized in literature [5, 67].
Differently from the CMFET-based LoC, the OCMFET-based sensors typically
consist of a few devices fabricated onto the same substrate which can be
electrically independent or can share some electrodes, such as control capacitor
and source. Consequently, the characterization of the structure as sensor is
carried out by directly measuring the current-voltage characteristic curves
of the transistor. In particular, the threshold voltage shift can be easily
evaluated from the transfer characteristic curves of the device, which rigidly
shift with respect to the applied gate voltage as a response to the charge on
the sensing area. The basic detection mechanism for DNA hybridization is
shown in the inserts of Figure 7.1. After the anchoring of the ssDNA probes
on the sensing area surface, the negative charge of the backbones modulates
the charge distribution in the floating gate: positive charges are attracted to
the sensing areas, thus leaving the remaining part of the floating gate more
negative. Consequently, an excess of holes is attracted into the channel; if a
p-type organic semiconductor is employed, the threshold voltage is decreased in
value, and so the output current is increased. If hybridization occurs between
the probes and complementary target sequences, the negative charge anchored
onto the sensing area increases, thus increasing the charge disequilibrium in
the floating gate. As a consequence, the hole’s density in the channel of the
transistor increases, and a further reduction of the threshold voltage is obtained.
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Figure 7.1: Basic structure of the low voltage OCMFET; in the inserts, the working
principle for DNA hybridization detection in reported.
7.2 Fabrication process
In the following, the basic steps for the fabrication of the low voltage OCMFET
will be provided. The basic structure to be implemented is shown in Figure
7.2. Differently from the previous implementations, each substrate (4.5 cm
width, 6.3 cm height) hosted three, electrically independent OCMFET. The
devices were electrically decoupled in order to prevent any possible cross-talk
or parasitic effect between them. The number of sensor was conceived to
provide two different reference devices for functionalization and hybridization
procedures. One device acts as reference for the functionalization process, while
the other two could be functionalized with the DNA probes. One of these acts
as reference for hybridization by exposing the probes to non-complementary
strands while hybridization with complementary target sequences was performed
on the other. In this way, the net threshold voltage shift can be evaluated both
after functionalization and hybridization.
7.2.1 Substrate preparation
As for the devices in Demelas et al., a 175 µm-thick PET foil acted as substrate.
No particular preparation of the substrate was necessary before the actual
fabrication steps, apart from a basic cleaning step performed by a subsequently
rinsing with acetone, isopropyl alcohol and deionized water.
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Figure 7.2: Implemented layout and device specialization in the measurement setup.
7.2.2 Floating gate patterning
The floating gate was obtained by photolithograhic patterning of an unique
aluminium film, deposited in vacuum (∼ 10−4 Torr) by thermal evaporation.
An aluminium wire (∼ 8 mg) was placed into a tungsten crucible, which is
connected to electrodes than can pass current through it. In this way, the
aluminium is sublimated by Joule effect, and the generated gas can be deposited
onto the substrate put just over the crucible. TEM investigation permitted
to evaluate an actual thickness of the final film of about 100 nm. A positive
photoresist (Microposit AZ1518®) was employed in the photolithographic
process. An micrometrical, uniform photoresist film was deposited onto the
whole substrate by means of spin-coating onto a rotating plate, and then dried
into an oven at 40℃ for half an hour. In this way, the solvent was removed and
the cross-linking of the photoresist molecules was obtained. As shown in Figure
7.3, the patterning of the floating gates was made by exposing the photoresist
to UV-B radiation through a mask reporting the exact shape to be transfer.
The photosensitive material was the developed by means of a 175 mM solution
of sodium hydroxide in water, which removed the photoresist not shadowed
by the mask. The excess of aluminium resulted finally exposed, thus being
etchable by an 1% solution of hydrofluoric acid (HF) in water. In this way, the
final shape of the floating gate was defined; the residual photoresist covering
the aluminium was removed by rinsing the sample with acetone.
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Figure 7.3: Patterning of the floating gate: (a) aluminium film on PET; (b) exposure
through a shadow mask; (c) final shape; (d) picture of a real device.
7.2.3 Floating gate passivation
The fabrication of the hybrid organic/inorganic dielectric represents a crucial
step for the correct functionality of the OCMFET. In fact, both the transistor
and the control capacitor share the same dielectric; the area of the control
capacitor is quite large if compared to the one of the transistor (0.29 cm2 vs.
∼ 0.14 cm2, respectively), so the probability of falling across a short circuit is
higher. Obviously, if the control capacitor is short circuited with the floating
gate, the charge modulation is completely screened by the applied gate voltage.
In order to reduce such probability, an accurate cleaning of the aluminium
surface was performed to remove any impurity prior to the subsequent steps.
The fabrication procedure is the same reported for the basic OTFT: the surface
of the aluminium floating gate is exposed for one hour to an UV-C radiation,
producing ozone and thus oxidizing the metal. The aluminium oxide is then
covered by a 25 nm-thick Parylene C film, deposited by means of CVD in
vacuum (12÷ 8 mbar).
7.2.4 Patterning of source, drain, control gate contacts and sens-
ing areas
The last step for the layout definition is the definition of the source and drain
contacts in the transistors’ area, of the control capacitors and of the sensing
areas. Gold was employed for all these components: it form a good interface
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Figure 7.4: Patterning of source, drain, control gate and sensing areas: (a) gold film;
(b) exposure through a shadow mask; (c) final shape; (d) picture of a real device;
(e-f) particulars of the channel area and of the control capacitor, respectively.
with p-type organic semiconductor, and, as already introduced, it brings several
advantages if employed for the sensing areas. An unique gold film was thermally
evaporated in vacuum (∼ 10−4 Torr); as the sensing areas would be subjected
to several biochemical procedures that may affect their integrity, the position of
the device in the deposition chamber was chosen to obtain a thicker film of gold
where they would be patterned. This gradient of thickness is clearly visible in
the picture in Figure 7.4(a). The shape of the contacts was defined by means
of photolithography, according to the same procedure already introduced for
the floating gate. As only relevant difference, the chemical etching of gold was
performed using a potassium iodide (KI) solution (40 : 4 : 1 H2O : KI : I2).
An interdigitated channel (W/L = 950) was defined. As shown in Figure 7.4(e)
and Figure 7.4(f), the layout was particularly conceived to reduce the overlap
between source, drain and control capacitor and the boundaries of the floating
gate: being the thickness of the final dielectric smaller than the one of the
deposited aluminium, the probability of falling across short circuit higher at the
boundaries of the floating gate. Finally, the connection between the sensing area
and the floating gate must be obtained: although the sensing area is partially
overlapped with the floating gate, the hybrid dielectric typically determines a
capacitor between them. The short-circuit was created by means of a through-
hole technique, using a silver paint to ensure the electrical continuity between
the two plates.
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Figure 7.5: Completed OCMFET-based sensor: in the magnification, particulars of
the TIPS Pentacene crystals are shown.
7.2.5 Deposition of the organic semiconductor
The deposition of the organic semiconductor represents the last step necessary
to the basic workability of the device. Just as in Demelas et al., TIPS pentacene
was employed as p-type semiconductor, as it presents stable electrical properties
in ambient condition and higher mobility with respect to standard pentacene.
A 0.5 wt% solution of TIPS pentacene in toluene was drop casted onto the
channel area of the devices, and let dry over an hot plate at 90℃ for a few
minutes. As shown in Figure 7.5, the TIPS pentacene film is finally composed
by crystals growing in the drying direction.
7.2.6 Packaging and connection
In order to be operated as DNA hybridization sensor in liquid environment
with small volumes, the fabrication of incubation chambers in correspondence
to the sensing areas is needed. Polydimethylsiloxane (PDMS), an bi-component
elastomer that can be easily modelled at relatively low temperature, was
employed to this aim. PDMS was obtained by mixing the elastomer and the
curing agent in a 10 : 1 proportion; an uniform 2 mm thick film was obtained by
spin coating over a silicon wafer followed by annealing in oven at 100℃ for one
hour. After the consolidation, the PDMS can be easily patterned by a cutter:
pieces of rectangular shape, with openings in correspondence of the sensing area,
were obtained from the silicon wafer. In order to stick the incubation chamber
onto the PET surface, other PDMS was used as glue and let consolidate in
oven at 50℃ for at least three hours. The capping of the chambers was realized
by means of glass slides clamped over the PDMS.
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Figure 7.6: Steps for the final packaging of the sensor; on the right, a completed
device is shown.
Although the sensor is now theoretically ready to be employed as DNA hy-
bridization sensor, the particular nature of the detection mechanism requires
some additional step in order to ensure the correct functionality of the device.
The information about the sensed reaction is stored as charge distribution in
the floating gate, thus making crucial its protection against environmental
interference and improper handling. Moreover, the small thickness of the
insulating layer makes easy to accidentally cause short circuits between source,
drain, control capacitor and floating gate. In order to address all these issues,
a packaging procedure was set up. The device was firstly covered with a 2 µm
thick Parylene C layer in order to passivate the floating gate; the sensing areas
remained uncovered by closing the incubation chambers with a glass slide. The
interaction between Parylene C and TIPS pentacene produced several effects,
as a decrease of the parallel resistance and a decrease of the threshold voltage,
that were progressively and partially absorbed in a few days. Consequently,
during this period the device could not be employed for sensing. The packaging
was completed by sticking a black tape onto the area of the transistor in
order to prevent the photogeneration of charge carriers, that could determine a
threshold voltage shift if the light condition changed during the measurements.
Finally, copper wires were glued to the pads of the OCMFETs using silver
paint in order to provide an easy and stable connection to the measurement
instrumentation.
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Figure 7.7: An example of output (a) and transfer (b) characteristic curves of the
low voltage OCMFET.
7.3 Electrical characteristics
In Figure 7.7 an example of the output and transfer characteristic curves is
shown. The low voltage workability was obtained, but a perfect saturation of
the curves wasn’t generally observed. This issue was ascribed to the influence of
the control capacitor in the layout, which may introduce a charge disequilibrium
in the channel area. In fact, if the device is directly biased from the floating
gate, the saturation of the curves is perfectly restored. Moreover, the Parylene
C packaging contributed to the total effect determining a reduction of the
parasitic resistive paths in the semiconductor film. Although this minimal
drawbacks, no significant nonidealities are found in the transfer characteristic
curve. Finally a reduced leakage current (with respect to the basic transistor)
is recorded: this effect is related to the insertion of the control capacitor, which
further increase the resistance of the the gate-source parasitic path.
7.4 Device functionalization and hybridization
After the packaging and the relaxation time necessary to let be the effect of
the Parylene C absorbed, the sensing areas of the device can be modified with
the DNA probes. Before any chemical procedure, the incubation chambers
were filled with the measurement solution (50 mM phosphate buffer solution,
50 mM sodium chloride) and closed by means of glass slides, and the device
electrical response was monitored for a couple of days, in order to verify the
stability of the threshold voltage over a period of at least 24 hours. In this way,
any a-specific variation of the threshold voltage related to residual Parylene
effects and to variations in the measurement environment were prevented. The
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functionalization procedure was basically the same described for the CMFET-
based LoC in Section 4.3.2; in this case, as the sensing areas were made of
gold, no cross-linker was necessary, but the thiol bond between the metal
and the thiolated DNA probes was possible. In order to improve the binding
efficiency, the sensing areas’ surface must be accurately cleaned. Sodium
hypochlorite (NaClO) was chosen for its double action of sterilization and
cleaning; a 5% Cl active solution of NaClO in water was spotted onto the
sensing area and let acting for ten minutes. The sensing areas were then
rinsed with the measurement solution in order to remove any trace of the
sodium hypochlorite, and stored in the same measurement solution until
the functionalization procedure was performed. The HS-ssDNA probes (P0,
HS−5′−(T )13GGTTTCCGCCCCTTAGTG−3′), diluted in a 1 M KH2PO4
buffer solution, were spotted onto the sensing areas. Accordingly with the
results in Demelas et al., a concentration of 100 nM was chosen in order to
optimize the response to the hybridization. After 90 minutes, a small volume
of 1 mM solution of 6-mercapto-1-hexanol was spotted onto the sensing areas;
exactly as for the LoC, this molecule avoids a too dense packing of the probes
on the surface and prevents their folding. The device was finally stored for
15 hours in order to allow a complete ordering of the probes. Hybridization
was performed by spotting a solution of complementary target sequences (T0,
5′ − CACTAAGGGGCGGAAACC − 3′) in TE 1 M NaCl buffer onto the
sensing area of the device. As the whole procedures were performed in ambient
conditions, a few hours were waited before acquiring the subsequent transfer
characteristic curve and evaluating the hybridization detection; the precise
hybridization time was set according to the employed target concentration.
7.5 Electrical testing
In Figure 7.8, the typical measurement setup for hybridization measurements
is shown. A Keithley 2636 SourceMeter, controlled by means of custom
Matlab® scripts, was employed to bias the devices and acquire the corresponding
currents. The copper wires provide an easy connection with the probes of
the instrument: in this way the handling of the device during the different
measurements is mainly related to the opening of the incubation chambers for
changing the test solutions.
7.5.1 Sensitivity tests
At first, the sensitivity of the device to DNA hybridization was tested by
evaluating the threshold voltage shift during functionalization and hybridization
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Figure 7.8: Image of a typical measurement setup for the electrical detection of
DNA hybridization.
processes from the transfer characteristic curves in saturation regime, given by
the relationship
IDS =
1
2µCINS
W
L
(VFG − VTH)2 (7.1)
According to the basic working principle of the CMFET, the floating gate
voltage can be written as
VFG =
CCF
CSUM
VCG +
CDF
CSUM
VD +
QS
CSUM
= αVCG + βVD + γQ0 (7.2)
being CSUM = CCF + CDF + CSF , CCF the control capacitance, CDF and
CSF the parasitic capacitances formed by source and drain respectively with
the floating gate. By substituting Equation 7.2 in the square root of Equation
7.1, a new relationship is obtained:
√
IDS =
√
1
2µCINS
W
L
[αVCG − (VTH − βVD − γQS)]
= k (αVCG − V ∗TH) (7.3)
This last equation is linear in VCG with slope m = kα and intercept q = kV ∗TH .
Consequently, the threshold voltage can be obtained as
V ∗TH = −α
q
m
(7.4)
The charge anchored in the functionalization process (Qfunc) can be easily
obtained by subtracting the threshold voltage of the device before functional-
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ization, V ∗TH,prefun, from the one after the functionalization, V ∗TH,postfun,
∆V ∗TH,func = V ∗TH,postfunc − V ∗TH,prefunc =
= VTH − βVD − γ (Q0 +Qfunc)− [VTH − βVD − γQ0] =
= −γQfunc (7.5)
being Q0 the native charge onto the sensing area. Similarly, the charge related
to the hybridization process (Qhybr) is obtained as
∆V ∗TH,hybr = V ∗TH,posthybr − V ∗TH,postfunc =
= VTH − βVD − γ (Q0 +Qfunc +Qhybr) +
− [VTH − βVD − γ (Q0 +Qfunc)] =
= −γQhybr (7.6)
In order to verify the response to hybridization, a first test was carried out
employing a 100 nM concentration of target sequences in the hybridization
buffer.As shown in Figure 7.9(a), a shift of the transfer characteristic curves was
evaluated both after functionalization and hybridization, with two subsequent
increases of the output current of the device. The actual hybridization was also
verified by means of fluorescence analysis, by employing T0 oligonucleotides
labelled with Cy-3 fluorescent dyes. As reported in the inserts of Figure
7.9(a), the immobilization of the target sequences after hybridization (a2) is
clearly distinguishable from the back-scattering light coming from the bare
gold surfaces (a1). Moreover, it is clearly evident that the variation of the
output current is essentially related to the sole threshold voltage shift, while the
mobility remained almost constant during the measurement. Such an evidence
confirms that the OCMFET approach preserves the electrical performances of
the organic semiconductor, and allows to directly consider the output current
as representative parameter for the hybridization detection.
As for the CMOS implementation, differential double-sampling measurement
were employed in order to compensate a-specific shift of the threshold voltage.
Let’s consider Figure 7.9(b), in which the square root of the IDS of a functional-
ized sensor and a reference for functionalization are reported. It can be noticed
that the chemical procedures necessary to the functionalization determine an
increase of the threshold voltage of the devices, which can partially overcome
the decrease related to the DNA molecules. In order to represent the sole
effect related to the DNA sensitivity, the net threshold voltage shift can be
obtained as the difference between the threshold voltage shift of the sensor,
∆V ∗TH,sens, and the one of the reference, ∆V ∗TH,ref , during functionalization
and hybridization processes.
The net threshold voltage shift after the hybridization is related to the con-
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Figure 7.9: (a) Threshold voltage shift during functionalization and hybridization
processes in terms of transfer characteristics curves; in the inserts, the fluorescence
analysis of the bare gold (a1) and the hybridized sensing area (a2) are shown; (b)
example of threshold voltage shift in the sensor and in the reference devices during
functionalization process.
centration of target in the TE buffer: the higher the initial concentration, the
higher the hybridization efficiency. In Figure 7.9(c), the calibration curve is
shown: three devices per target concentration were measured waiting hybridiza-
tion times from 90 minutes to 17 hours according to the employed concentration.
It can be noticed that a good linear response was obtained along a wide range
of concentration; the detection limit of 100 pM is competitive with inorganic de-
vices, and represents a world record as regards OTFT-based DNA hybridization
sensors. Moreover, a good reproducibility of the devices’ behaviour with the
different target concentration was obtained, thus demonstrating the influence
of operating voltages in the final performances of the OCMFET. The charge
density, extrapolated from Equation 7.6, is similar to the one obtained with the
high-voltage devices in Demelas et al., an slightly lower with respect to what
reported for similar procedures in literature. This result can be explained with
the different kind of gold surfaces (bulk gold in literature versus the thin films
on plastic), and to the different cleaning procedure that can be consequently
employed.
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7.5.2 Selectivity tests
In order to further confirm the results of the calibration test, the cor-
rect selectivity of the device to complementary target sequences must
be verified. To this aim, different non-complementary target sequences
were employed, with a different amount of modification with respect
to the complementary one: a fully not-complementary sequence (T1,
5′ − CACTAGATCTCGGAAACC − 3′) and modified T0 sequences
containing five (T05MM,5′ − CACTAGATCTCGGAAACC − 3′), three
(T03MM, 5′ − CACTAAATCGCGGAAACC − 3′) and one (T01MM, 5′ −
CACTAAGGGGGGGAAACCCAC − 3′) nucleotide polymorphism. In this
case, as was clearly demonstrated that the variation in the output current is
actually related to the sole threshold voltage shift induced by the DNA charge,
the output current of the sensor was measured in real-time during the hybridiza-
tion process. A direct readout of the output current is more attractive than
the threshold voltage shift extrapolation: in fact, in order to precisely evaluate
the threshold voltage, a good agreement of the output curves with Equation
7.1 is mandatory in order to validate the linearization model, while the actual
behaviour of the organic transistor is generally better represented by non-linear
models [106]. Moreover, a real-time measurement allows a precise evaluation
of the hybridization time, which is not possible in static measurements. Never-
theless, some nonideal effects may occur during relatively long time operation
of OTFTs, such as the bias stress. This phenomenon is related to a progressive
charge trapping at the insulator/semiconductor interface due to the continuous
operation of the transistor; consequently, a threshold voltage shift determining
a reduction of the current is obtained, which may completely mask the current
increasing related to the hybridization. In order to reduce the bias stress of the
structure during prolonged measurements, the sensors were biased with a pulsed
gate signal (VCG,OFF = 0 V , VCG,ON = −1 V f = 50 Hz, duty cycle = 25%)
and with a constant drain-source voltage drop (VDS = −1 V ). In this way, the
transistor was alternatively set in underthreshold and overthreshold conditions,
thus reducing the actual time in which the device is turned on. The results of
the measurement are shown in Figure 7.10: each output current was normalized
with respect to its baseline value, IDS,baseline, measured before the spotting
of the target oligonucleotides (100 nM in TE). Neither the functionalization
reference (not functionalized) exposed to the T0 sequence and the hybridization
reference (functionalized with P0) exposed to T1 sequence showed a response
to the hybridization; on the contrary, a significant reduction of the output
current was recorded, probably related to the residual bias stress. On the
contrary, when the mismatched sequences are employed, a different behaviour
was observed: a slight increase of the current was obtained, thus proving the
formation of a bond between the probes and the target sequences; nevertheless,
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Figure 7.10: Real time measurement of OCMFETs during hybridization process
with different target sequences: not-functionalized reference + complementary target
(squares), functionalized reference + not-complementary target (circles), five nu-
cleotide polymorphism (upward triangles), three nucleotide polymorphism (downward
triangles), single nucleotide polymorphism (leftward triangles), fully complementary
target (rightward triangles).
the entity of the current increase is restrained, and apparently not correlated
to the amount of polymorphisms in the sequence. In fact, an higher current
increase was obtained for the T05MM sequences with respect to the T01MM
containing the single nucleotide polymorphism. It is important to underline
that three measurements on three different devices are here shown, thus making
captious inferring precise information about the response to polymorphisms.
Nevertheless, if the response to polymorphic sequences is compared with the one
to fully complementary oligonucleotides, an evident difference can be noticed.
An increase of about 10% is obtained when hybridization occurs, thus deter-
mining the higher noise margin ever recorded for OTFT-based hybridization
sensors with respect to the single nucleotide polymorphism. Interestingly, a
quite rapid hybridization response was also recorded: the maximum of the
variation was obtained after half an hour, but the hybridization response started
within five minutes. Such a behaviour is comparable with what obtained for
the PNA-DNA hybridization in Khan et al. [49]; however, in that case, no
electrostatic repulsion can affect the hybridization dynamic and final efficiency,
thus giving even more prominence to the obtained results.
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7.6 A deeper insight in the obtained results: the
role of polarization-induced reorientation of the
DNA strands
Noteworthy, the low-voltage OCMFET reproducibly showed world record
performances in terms of sensitivity and selectivity in particular measurement
conditions, i.e. with a relatively high salt concentration. According to the
definition of the Debye length given in Section 1.3.1, a 50 mM salt concentration
determines a screening length of about 1 nm, while the hybridization between
the P0 and T0 sequences takes part at a distance of about 4.3 nm from the
surface of the sensing area. Consequently, the basic Debye theory cannot explain
the OCMFET capability to be operated at relatively high ionic strength, thus
suggesting that the relationship between the characteristics of DNA strands
and the ionic strength of the measurement liquid deserve a more exhaustive
investigation. In particular, as also suggested by the improved hybridization
dynamic evaluated in real-time measurements, the polarization of the device
seems to play a crucial role in the final performances of the OCMFET. The
effects of the application of electric field to DNA molecules have been thoroughly
investigated by Rant and co-workers [107, 108]: a persistent tilting of the
oligonucleotides can be obtained by switching the voltage applied between
the solution and a metal electrode onto the oligonucleotides are anchored.
Moreover, the distribution of ions inside the solution is modulated by the
electric field, and so the screening length. The combination of these effects
leads on one hand, to an increase of the effective Debye length and on the other
hand, to an increase of the portion of the molecule within the Debye length.
Such effects may also be invoked for explaining the results obtained with the
OCMFET. However, in this case, as both the sensing area and the solution are
electrically floating, a direct evaluation of the effective voltage drop between
them is impossible: therefore other tests and considerations are needed in order
to indirectly extract this information.
7.6.1 Dependence of the electrical response on the Debye length
At first, the effect of the sole ionic strength on the sensor response was considered.
As the OCMFET working principle is related to the field-effect modulation, a
dependence on the Debye length in the measurement solution must be firstly
found in order to incontrovertibly demonstrate the correct detection of the
DNA strands. In order to evaluate the sole effect of the ionic strength, a "static"
measurement condition (i.e., independent from the device polarization) must be
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Figure 7.11: Schematic representation of the functionalized sensing area, with the
different employed Debye lengths in relation to the probe chains’ length; (b) electric
response of the OCMFET to the functionalization as a function of the different
employed Debye lengths.
found. Rant and co-workers demonstrated that the effect of the electric field to
the reorientation of DNA molecules is less relevant at low frequency for single-
stranded DNA oligonucleotides, as they are less rigid that the double-helix.
Consequently, the tests were carried out on the HS-ssDNA probes onto the
sensing area. In this case, a shorter probe length was employed, by reducing
the thymine spacer in the P0 sequence. A 24-base long probe sequence (P24,
5′−HS−(T )6GGTTTCCGCCCCTTAGTG−3′) was employed: as sequences
within this length normally pack in extended configuration [109], a consistent
comparison between the sensor responses to the different Debye length can be
carried out. The Debye length of the measurement solution was modulated by
employing different NaCl concentrations, namely [NaCl] = 50 mM , 10 mM ,
1 mM ; as a consequence„ the estimated Debye lengths were 1.36 nm, 3.04 nm,
and 9.62 nm respectively. The length of P24 is about 7.9 nm, so, accordingly to
the estimated Debye length in the present experimental conditions, the probe is
almost completely screened (except for four basis) when [NaCl] = 50 mM , one
half is unscreened when [NaCl] = 10 mM , and finally it is totally unscreened
when [NaCl] = 1 mM . In Figure 7.11 the net variation of the threshold voltage
registered in the different salt concentrations is reported. In particular, the
values have been obtained by averaging upon three different devices for each
value of the salt concentration. It is possible to notice that the net threshold
voltage variation due to the electrical charge of the probes decreases as the salt
concentration increases, as expected, thus demonstrating the coherence of the
electrical response of the sensor.
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7.6.2 Hybridization sensitivity tests
In order to explore the mechanisms that give rise to the observed sensitivity of
the device to DNA hybridization, the real-time measurements were repeated by
changing the probe length while keeping the 50 mM NaCl concentration. In
particular, P0, P24 and P42 (5′−HS−(T )24GGTTTCCGCCCCTTAGTG−3′)
sequences were employed, thus setting the distance between the first base of
the hybridized segment at 1.98 nm and 7.92 nm from the anchoring point
of the DNA chain, respectively. The electrical response to the hybridization
was measured by monitoring in real-time the output current of the sensors.
The results are reported in Figure 7.12. By reducing the length of the spacer,
hybridization can be better detected by the sensor, as expected. Interestingly,
the hybridization signal was almost completely lost (∆IDS/IDS,baseline '
0.01%) only with the P42 chain, i.e. with a 24-base long spacer. For a nominal
Debye length of 1.4 nm, the screening effect of the ions in solution should
affect the device response for any chain length, not only for P42. As this did
not happen, the dsDNA molecules did not lye perpendicularly to the surface
but are tilted to a certain extent such that, at least for P24 and P0, a certain
portion of the molecule is included within the Debye length; a plausible scenario
is shown in Figure 7.12(b).
Tilt angles of 30◦ have been reported [110] for DNA molecules lying in the
monolayer formed on gold coated silicon with a similar biochemical procedure.
According to the obtained results, the tilting should be substantially higher
than this value (about 80◦, estimated as the arc sine of the ratio between
the Debye length and the spacer length). Such larger value could be partially
explained with the surface roughness of the sensing area, which is larger than
that reported for gold on silicon as the device is entirely fabricated on plastic [4];
however, according to Rant et al., larger values of the tilting angle are possible
as an effect of the polarization of the sensing area. In addition, the estimation
of the Debye length does not take into account the possible effect of the surface
polarization on the solution that could determine a repulsion of the ions and
therefore a larger effective Debye length. In this case, also the actual value of
the tilt angle should be smaller than estimated.
7.6.3 Investigation on polarization-induced tilt of the dsDNA
chains by fluorescence quenching analysis
Variations in the DNA strands’ tilt angle due to the device polarization have
been finally demonstrated by means of fluorescence quenching tests. The aim of
the experiment was to indirectly prove that the voltage drop between the sensing
area and the solution can determine a switching of the DNA strands that can
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Figure 7.12: Percentage variation of the output current as a response of the device
to hybridization process when chains with different spacers are considered; in the
insert, the variation for P42 probe is reported with a different scale to result visible in
the plot; (b) supposed characteristics of the DNA monolayer during the measurements;
in the insert, the employed measurement setup is shown.
explain the higher extrapolated tilt angle values. It is noteworthy that a direct
evaluation of such voltage drop cannot be performed without compromise the
device working principle as both the sensing area and the solution are electrically
floating. The fluorescence quenching should occur because, if the molecules
tilt, part of the light energy emitted by the fluorescent dyes is absorbed by
the metallic surface of the floating gate. P0 HS-ssDNA strands modified with
Cyanine-3 fluorescent dyes were employed in the functionalization process; the
chains were later hybridized using the complementary sequence according to
the previously presented procedures. The fluorescence was evaluated by looking
at the sensing area by means of a digital camera directly connected to the
fluorescence microscope. As for the hybridization measurements previously
presented, VCG was switched from 0 V to −2 V using a waveform generator;
a period of 60 seconds was waited in order to allow a complete reorientation
of the molecules after switching the potential. By evaluating red (R), green
(G) and blue (B) levels obtained by an average on the whole picture by a
custom-made Matlab® script, the luminance of the image was calculated,
L = 0.2126R+ 0.7152G+ 0.0722B (7.7)
The results are reported in Figure 7.13: it is possible to observe that, as a
response to the negative voltages applied to the control capacitor and to the
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Figure 7.13: Results of the fluorescence quenching tests when a polarization is
applied to the sensor in terms of relative variation of luminance; (b) correspondent
relative variation of red, yellow, magenta, green and blue levels are shown to correlate
he luminance variation with the Cy-3 emission band. In the cartoon, the correspondent
quenching event within the applied voltage is depicted.
drain, a reduction of the luminance was obtained with respect to the zero-
voltage condition. Moreover, when the device was grounded again, the original
luminance was perfectly restored, thus demonstrating that the induced effect is
perfectly reversible and has the same dynamics of the electrical switching. In
Figure 7.13(b) the wavelengths in the emission band of the Cy-3 dye (570-650
nm), which comprises red, yellow (Y) and magenta (M) colors, are analyzed and
compared with the green and blue levels, which, on the contrary, lie outside the
emission band. It is clear that the luminance variation is mainly related to the
variation of RYM levels during the application of the polarization, while the G
and B levels are almost constant. These results prove a fluorescence quenching,
which occurs when Cy-3 dyes are close to a metal surface that absorbs part
of their energy. Consequently, the quenching observed as a response to the
voltage switch can be reasonably ascribed to a physical displacement of the
fluorescent sites in the DNA molecules. This feature, never investigated before
for FET-based sensors, finally explains the capability of the OCMFET of
detecting DNA hybridization with a charge sensitivity that is well beyond the
normally accepted limits related to screening effects in liquids. The proposed
7.6. A deeper insight in the obtained results: the role of
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results are of general interest, as they suggest that several biological reactions,
including DNA hybridization, but also antigen-antibodies interactions and
enzyme activity, can be detected by field-effect devices in liquids at higher salt
concentrations, thus representing a step forward towards the in vivo application
of bioFETs.
trick

8
Layout optimization for
high-performances
OCMFET
Starting from the results on the low voltage OCMFET prototype, an optimized
OCMFET for DNA hybridization detection will be presented. An accurate
derivation of the design rules from the CMFET working principle will be
provided, and the conception and fabrication of the optimized layout will be
subsequently reported. A complete testing of the device, coherent with the one
carried out for the prototype, will be provided, and its application for DNA
hybridization detection in the picomolar range will be discussed.
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8.1 Introduction
In the previous Chapter, the employment of the low-voltage OTFT in the
OCMFET structure was presented. As already pointed out, the reduction
of the operating voltages played a crucial role in enhancing the reliability
of the OCMFET behaviour, thus allowing a complete testing of the device.
Nevertheless, as the main goal during the prototyping of the new device was to
obtain an easy and reliable fabrication process, a reduced effort was directed
to the layout optimization in order to enhance its sensing performances. As
already profusely discussed, the basic sensitivity of the device is related to the
capacitors in the layout,
∆VTH = − ∆Q
CCF + CDF + CSF
= − ∆Q
CSUM
(8.1)
so, for a fixed charge, the lower the sum of the capacitances, the higher the
obtained sensitivity. Basically, the reduction of the parasitic capacitances
allows the increase of the sensitivity by reducing the value of the denominator
of the last equation. In addition, as the parasitic contribution are reduced,
the value of the control capacitor necessary to properly biasing the device
can be lowered as well. Consequently, the introduction of the self-alignment
technique described in Chapter 6 can allow the increase of the sensitivity with
respect to the prototype, in which CCF = 42 nF and CSF = CDF = 10 nF
(γ = 1/CSUM = 1.6× 107F−1).
In addition, other and more sophisticated consideration can be made. Intuitively,
as the detection mechanism is based on the charge re-distribution inside the
floating gate, the detection ability of the OTFT is related to the amount of
charge that actually affect the transistor area over the total area of the floating
gate. On one hand, this feature can be considered as a further advantage of
the CMFET approach: the efficiency of the detection is not absolutely related
to the characteristic of the transistor, as for the other bioFETs in literature,
but also to the geometric characteristic of the floating gate, which are easier
to design. On the other hand, a careful derivation of the design rules for the
OCMFET is mandatory to not only to the optimization of its performances,
but also to guarantee its correct detection ability.
8.2 Derivation of the design rules
In order to completely understand the mechanisms behind the actual sensitivity
of the OCMFET, the evaluation of the charge re-distribution in the whole
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Figure 8.1: Areas in the floating gate of a basic OCMFET structure.
floating gate area must be considered. A simplified representation of the charge
distribution in the floating gate is provided by considering its total charge as
a sum of several contributions relative to the different elements insisting on
it. As shown in Figure 8.1, the floating gate area can be seen as the sum of
the transistor area (AT ), of the sensing area (AS), of the control capacitor
area (ACC) and of the remaining parts which cannot be associated to these
elements (AEXT ). Consequently, the total charge in the floating gate can be
written as
QFG = σTAT + σIAS + σCCACC + σEXTAEXT (8.2)
where σ• is the charge density in the correspondent area. In particular, σI is the
charge density induced by the charge density anchored onto the sensing area,
σS . When this charge density varies, the charge distribution in the floating
gate is modified, but the total charge cannot vary. If a perfect induction is
considered (σI = −σS), the derivative of Equation 8.2 with respect to σS can
be written as
dQFG
dσS
= AT
dσT
dσS
−AS +AEXT dσEXT
dσS
= 0 (8.3)
Noteworthy, as the charge of the control capacitor is fixed by its value and
polarization, the distribution σCC doesn’t vary with the one on the sensing
area. The variation of the charge density in the transistor area can be written
as
dσT
dσS
= AS
AT
− AEXT
AT
dσEXT
dσS
(8.4)
This last relationship represents the detection efficiency of the device, i.e. the
part of the charge variation in the sensing area that actually determines an
influence on the charge density in the transistor area. It is possible to derive
that the efficiency is enhanced if the area of the transistor is significantly
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smaller than the sensing area (AS > AT ), and if the areas of the floating gate
not related to functional elements is minimized, in particular with respect to
the transistor area (AT > AEXT ). If a self-aligned OTFT is employed, the
transistor area can be written as W (L+ 2∆L), being W and L the channel
width and length respectively, and ∆L the average residual overlap between
source/drain and floating gate. Consequently, the relationship between the
transistor area and the sensing area can be written in terms of design rule for
the channel width (for a fixed channel length),
AS > AT = W (L+ ∆L)⇒W < AS
L+ ∆L '
AS
L
(8.5)
The effect of the charge density variation in the sensing area on the threshold
voltage can be easily derived from Equation 8.1,
|∆VTH | = ∆QS
CSUM
= AS
∆σS
CSUM
(8.6)
thus, ∣∣∣∣dVTHdσS
∣∣∣∣ = ASCSUM = 1CINS ASACC + 2W∆L (8.7)
The last Equation can be rewritten as∣∣∣∣dVTHdσS
∣∣∣∣ = 1CINS ASATOT −AS −WL−AEXT (8.8)
and, if the design rules on AEXT and W are respected,∣∣∣∣dVTHdσS
∣∣∣∣ ' 1CINS ASATOT −AS (8.9)
The last relationship demonstrates that the device sensitivity, i.e. the threshold
voltage shift induced by the charge variation to be sensed, can be established
by properly sizing the sensing area with respect to the total area of the floating
gate. Noteworthy, the dependence on the dimensions of the sensing area is
hyperbolic; in a standard bioFET, the sensitivity is generally given by∣∣∣∣dVTHdσS
∣∣∣∣ = ASCINS (8.10)
thus linearly depending from the dimensions of the sensing area, which coincides
with the transistor area. Consequently, for every given sensing area, the
sensitivity of the OCMFET is larger than the one obtained with a standard
bioFET. In this sense, a proper sizing of the amplification term (ATOT −AS)−1
is mandatory for fruitfully taking advantage of this peculiar characteristic.
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Figure 8.2: Comparison between the low-voltage OCMFET and the low voltage,
self-aligned OCMFET.
8.3 The new layout
According to the derived design rules, a new layout of the device was developed.
In Figure 8.2, it is compared with the one of the prototype presented in the
previous chapter. Also in this case, three devices were integrated on the same
substrate (3.5 × 6.5 cm2). In Table 8.1, the basic geometric dimensions are
reported. It is clearly evident a strong reduction in the total area of the floating
gate, while the sensing area remained identical; consequently, the AS/ATOT
ratio was more than tripled. Moreover, AEXT was strongly reduced (6% of the
total area, against the 56% in the previous layout). Consequently, Equation
8.9 can be applied: for the low voltage device, the quantity (ATOT −AS)−1 is
0.9, so the obtained sensitivity is theoretically lower than the one of a standard
bioFET with AT = AS . In the new implementation, the same quantity was
increased up to 7.4, thus determining a significant sensitivity amplification. As
the parasitic capacitances were reduced of about two order of magnitude, it was
possible to reduce the control capacitor as well. In particular, the area of the
control capacitor was set two order of magnitude greater than the source/drain
overlap, thus enhancing the polarization from the control capacitor (α ' 0.99).
The channel width was sensibly increased (2.73 cm vs. 1.8 cm), but the design
rule in Equation 8.5 was still fulfilled. Finally, the total capacitance of the
hybrid insulator was slightly reduced, thus allowing a further increase of the
sensitivity without compromising the low voltage behaviour of the device. As
a result of self-alignment and layout optimization, a simplified relationship for
the floating gate voltage can be derived: as α ' 1 and β is negligible, it is
possible to derive
VFG = αVCG + βVD + γQ ' VCG + γQ (8.11)
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LVSA LV LVSA LV
ATOT
[
cm2
]
0.418 1.39 CINS
[
Fcm−2
]
74 × 10−9 137 × 10−9
AS
[
cm2
]
0.283 0.283 AS/ATOT [%] 68 20
ACC
[
cm2
]
0.1 0.32 AEXT/ATOT [%] 6 56
ASF = ADF
[
cm2
]
5.4 × 10−4 7.4 × 10−2 AS/L [cm] 94.2 94.2
AEXT
[
cm2
]
2.5 × 10−2 7.8 × 10−1 (ATOT −AS)−1
[
cm−2
]
7.4 0.9
L [cm] 3 × 10−3 3 × 10−3 α 0.68 0.99
W [cm] 2.73 1.8 β 0.16 5.4 × 10−3
AT
[
cm2
]
9.27 × 10−3 1.53 × 10−1 γ 1.6 × 107 1.3 × 108
Table 8.1: Geometric parameters and design rules for the low voltage (LV) OCMFET
and the low voltage, self-aligned (LVSA) OCMFET.
Moreover, as γ is increased of one order of magnitude, an increase of the
sensitivity of one order of magnitude (for a fixed charge Q) was obtained.
8.3.1 Fabrication process
The fabrication process of the low-voltage, self-aligned OCMFET is basically
the same previously discussed in Chapter 7. The main difference is related to
the employment of the self-alignment technique, which was integrated in the
OCMFET fabrication process in order to optimize the number of steps. The
patterning of the floating gates and the fabrication of the gate insulator were
exactly the same already presented for the low voltage OCMFET: an aluminium
film was deposited by means of thermal evaporation onto the PET substrate,
and patterned by means of a standard photolithographic process. As shown
in the insert of Figure 8.3(c), the transistor area is represented by a winding
line at high resolution, defining the shape of the interdigitated channel. The
aluminium oxide was grown on the aluminium surface by baking the substrate
in an oven for at least twelve hours at 50℃. A 40 nm thick Parylene C film
was then deposited by means of CVD; by increasing the Parylene C thickness,
a reduction of the capacitance per area unit with respect to the low voltage
OCMFET was obtained.
The subsequent step is represented by the self alignment. The application
of the standard self-alignment technique can determine a complication in the
fabrication process of the OCMFET. In fact, if the floating gate is used as
mask, the residual photoresist film would cover it entirely, thus impeding the
fabrication of the control capacitor and of the sensing area at the same time
of source and drain. In principle, two subsequent thermal evaporation of gold
would be necessary to complete the layout, thus determining a significant waste
of material. Such an inconvenient can be overcome by employing a modified
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Figure 8.3: (a)-(b) Definition of the floating gates of the low-voltage, self-aligned
OCMFET by means of photolithography; (c) fabrication of the hybrid gate dielectric;
in the insert, a detail of the channel area is shown; (d) modified self-alignment process;
in the insert, the transition area for the photoresist-covered channel area is shown.
self-alignment technique, shown in Figure 8.3(d). In this case, the device was
exposed to UV radiation contemporary from both the bottom and top sides,
using the floating gate as mask for the radiation coming from the bottom side
and a second mask for the one coming from the top side. This mask is simply
represented by rectangles covering the channel area in the floating gates. In
this way the radiation coming from the bottom side determines the standard
self-alignment, while the one coming from the top side allows the decomposition
of the photoresist covered by the mask in the channel area. As final result, the
residual photoresist was located only in the area of the channel, while the rest
of the floating gate remains uncovered. In the inserts of Figure 8.3(d), the limit
of the floating gate covering the channel is shown. The layout was completed by
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Figure 8.4: Definition of source, drain and control gate contacts: (a) lift-off of the
channel area; (b) final pattern obtained by means of photolithography; in the insert,
a particular of the self-aligned channel is shown; (c) Device completed with the TIPS
Pentacene semiconductor layer, and particular of the channel area.
patterning source, drain and control gate contacts and the sensing areas. A gold
layer was thermally evaporated onto the whole device, comprising the channel
area covered by photoresist. The excess of gold was removed by lift-off, rinsing
the surface with acetone to remove the photoresist and the gold layer lying on
it. As shown in the inserts of Figure 8.4(a), the floating gate is exposed, with
an average residual overlap lower than 2 µm along the whole channel width.
After the lift-off, a standard photolithographic process allowed to pattern the
contacts (Figure 8.4(b)). The device was finally completed by drop-casting the
organic semiconductor (TIPS pentacene, 0.5 wt% in toluene) onto the channels
of the OCMFETs. The semiconductor crystallization is thermally promoted
onto an hot plate; in the magnification in Figure 8.4(c), particular of the TIPS
pentacene crystal are shown.
8.3.2 Packaging and connection
In Figure 8.5, the packaging of the device is shown. Just for the low voltage
OCMFET, the environmental noise was reduced by depositing a 2 µm thick
Parylene C layer onto the floating gates and gluing a black stick over the channel
of the transistors. Beyond the layout optimization, some other innovations were
also introduced in the device structure in order to improve its manageability. In
order to obtain a reliable connection with the measurement device, a flat cable
was patterned on the PET surface, which independently wired the source, drain
a control gate electrodes of each OCMFET. A printed circuit board hosting a
ZIF connector was fabricated to convert the traces of the flat cable into pins, on
which the probes of the source meters can be connected. Moreover, the flat cable
connection represent an optimal solution for interfacing the sensor with custom
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Figure 8.5: Device packaging and connection: the basic elements and a top view of
a real device.
readout electronics which can be possibly developed. As further innovation,
novel incubation chambers were designed and fabricated. PDMS can be easily
patterned and glued onto the device, but several drawbacks were verified for
the low voltage device. In particular, the necessity of clamped capping can
affect the threshold voltage of the device, being the PDMS a compressible
dielectric directly connected to the floating gatei. Consequently, the handling
of the incubation chamber can compromise the measurement. Moreover, the
employment of glues can affect the sterility and the integrity of the sensing
area. In order to overcome such issues, plexiglass incubation chambers were
fabricated. As shown in Figure 8.5, the chambers can be clamped onto the
sensing areas by means of bolts, without needing the employment of glues.
A sliding capping was designed, thus reducing the handling of the chambers
during the measurements and the changing of the test solutions. As further
advantage, the chambers can be sterilized and reused several times.
8.3.3 Electrical performances
In Figure 8.6(a), the measurement setup is shown. The employment of the
PCB allowed an easier and stable connection between the device and the the
Keithley 2636 SourceMeter System, thus making possible an easier handling
of the device. In the insert, it is also possible to notice the sensing areas
inside the incubation chambers, closed by the sliding capping. The handling
of the device during the measurement is limited to the opening and closing of
the capping, without moving the device on the table, thus allowing a perfect
iSuch an effect was thoroughly explored for the application of the CMFET working principle
for pressure sensing; the author refers to Appendix A for a detailed explanation.
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Figure 8.6: (a) Measurement setup; in the inserts, the device area and the fluidic
system are shown; (b) output and (c) transfer characteristic curves of a low voltage,
self-aligned OCMFET.
stability of the system during the acquisition of the output current. In Figure
8.6(b) and Figure 8.6(c), the output and the transfer characteristic curves of a
device are shown: with respect to the low voltage OCMFET (see Figure 7.7),
higher output current and lower leakage current were obtained. Although the
Parylene C thickness was slightly increased, the low voltage behaviour was
perfectly preserved. Also in this case, as a consequence of the insertion of the
control capacitor, a worse saturation of the output current was obtained if
compared with the behaviour of the pure self-aligned OTFT (see Figure 6.10).
An evident effect of the higher contact resistance can be noticed in the linear
regime; nevertheless, as all the elaboration were made in the saturation regime,
its effect on the device sensing performances was almost negligible.
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8.4 DNA hybridization detection
The new OCMFET was finally tested as DNA hybridization sensor by replicat-
ing the same procedures and tests carried out for the low voltage prototype.
The same functionalization procedure already presented in Section 7.4 was
employed: the sensing area were cleaned and sterilized by means of sodium
hypochlorite, and functionalized with a 100 nM solution of P0 probes in the
KH2PO4 functionalization buffer solution. Also in this case, the MCH molecule
was employed as spacer for normalize the probe density on the surface and to
prevent their folding. A time of at least 15 hours was waited in order to let the
SAM re-organize. At first, the response to hybridization with complementary
target sequences was explored. As the sensitivity was theoretically increased,
the response to DNA concentration in the picomolar range was considered.
Detecting DNA hybridization using the smallest amount of target DNA is
an attractive feature for several fields: pathogen detection is typically in the
attomolar or femtomolar target concentration range, thus making amplification
techniques such PCR mandatory. Also in forensic application, in which a
derisory quantity of material could be available, lower detection limits are
desirable. Also in this case, the differential double sampling measurement
was carried out using reference devices, thus deriving the charge associated
to the DNA molecules from the net threshold voltage shift. In Figure8.7(a)
and Figure8.7(b), the response of the reference and of a sensor OCMFET
during functionalization and hybridization process are shown. In particular,
the reference is an OCMFET not functionalized which underwent to the same
functionalization procedure of the sensor, i.e. being exposed to the same test
solution without DNA molecules. The sensor was then hybridized with a
100 pM solution of complementary target oligonucleotides in the hybridization
buffer (TE, 1 M NaCl, see Section 4.4.2), while the same amount of bare
hybridization buffer was spotted on the sensing area of the reference. As a
probable result of the increased sensitivity, the effect of the liquid measurement
environment on the OCMFET response is even more evident: every subsequent
step in the functionalization and hybridization process determined a reduction
of the output current. On the other hand, the response of the sensor is clearly
different: the expected increase of the output current was obtained both after
the functionalization and the hybridization step. Consequently, beyond the
positive absolute threshold voltage shift obtained in the sensor, a even more
positive net threshold voltage shift can be derived.
The sensitivity range was thoroughly explored by varying the concentration of
the complementary sequences in the hybridization buffer solution. In particular,
concentration from 1 nM to 1 pM were considered; as 1 nM and 100 pM
concentrations were also employed for the low voltage OCMFET, a consistent
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Figure 8.7: (a) Response of a reference and (b) of a sensor OCMFET in response
to functionalization and hybridization process (100 pM target concentration); (c)
calibration curve with respect to target concentration in the hybridization buffer
solution.
comparison between the performances of the optimized layout and the previous
implementation is allowed. The extrapolated calibration curve is shown in
Figure 8.7(c): a significant response, spanning from 250 mV to 750 mV with a
good linearity, was obtained all over the considered range of concentrations. The
net threshold voltage shift obtained for 1 nM and 100 pM was almost double of
the one obtained for the low voltage OCMFET. The increase of the sensitivity
was lower than expected, i.e. one order of magnitude according to the design
rules. Such a result can be explained with a lower DNA hybridization efficiency,
related to the lower target concentrations employed. Such an hypothesis is
supported by the extrapolated charge density, which is an half of the one
obtained for the low voltage OCMFET. A detection limit (i.e., a concentration
for which the net threshold voltage shift is zero) lower than 100 fM can be
extrapolated by linear regression of the calibration curve, thus establishing a
new world record for DNA hybridization sensors based on OTFTs, and making
the OCMFET approach competitive with the electrochemical techniques, which
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Figure 8.8: Selectivity tests on the low voltage, self-aligned OCMFET: (a) response
of unfunctionalized (squares) and functionalized (circles) devices to bare hybridization
buffer, of functionalized devices to fully not complementary (downward triangles) and
single-polymorphic (upward triangles) target sequences;(b) response of a sensor to
increasing concentration of complementary target sequences.
has shown so far the lowest detection limits [111,112].
Selectivity tests were finally carried out, employing several kind of measurement
setup in order to demonstrate that the effectiveness of the device response
to hybridization with complementary target strands. The output current
of the device was acquired in real-time, employing a constant source-drain
voltage drop (VDS = −3 V ) and a square-waved gate voltage (VGS,ON = −1 V ,
VGS,OFF = −0.5 V , f = 500 Hz, duty cycle = 50%) in order to reduce the
bias stress. The results are reported in Figure 8.8: in this case, the response to
hybridization reference devices (a) is distinguished from the one of hybridization
sensor (b). As already seen in Figure 8.7(a), a not-functionalized reference
device exposed to the bare hybridization buffer responded with a reduction of the
output current; the same behaviour was recorded when a functionalized device
was exposed to the hybridization buffer. Interestingly, the same behaviour was
obtained also as a response to fully not-complementary sequences (T1) and
to target oligonucleotides hosting a single-nucleotide polymorphism (T01MM),
when the highest considered concentration (1 nM) was employed. If compared
to the results obtained with the prototype of the low voltage OCMFET (see
Figure 7.10), a significant improvement of the SNP rejection was obtained:
while a small increase in the output current was obtained with the low voltage
OCMFET, a significant reduction of the current was here recorded. Such
a difference can be explained with the reduced target concentration in the
hybridization buffer (1 nM vs. 100 nM in the previous case).
Taking advantage from the improved measurement setup, the response to
complementary sequence was verified in a more exhaustive way by varying in
real time the target concentration. As shown in Figure 8.8(b), the sensor clearly
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responded to the 1 pM concentration, coherently with the static calibration.
According to the low employed concentration, a relatively slow response was
observed; interestingly, when the target concentration was increased to 10 pM ,
the dynamic of the output current became faster. Further increases of the target
concentration rapidly determine a saturation of the response, correspondent to
a complete hybridization of the available probes on the sensing area surface.
In fact, even increasing the target concentration till 1 nM , no further increases
of the output current were obtained; on the contrary, the bias stress started to
overcome the effect of the charged DNA, thus bringing to a fast reduction of
the current.
Just as the low voltage OCMFET, the low voltage self-aligned device was tested
in a 50 mM PBS with a 50 mM concentration of NaCl, i.e. at relatively high
ionic strength of the measurement solution. The entity of the results suggests
that the same tilting of the DNA strands observed in the standard low voltage
OCMFET occurs also in the new implementation. Nevertheless, as several
modifications of the capacitive layout of the device were implemented, a further
verification of the tilting effect was carried out, according to the procedure
described for the low voltage OCMFET. The device was functionalized with
P0 probes (100 nM), labelled with Cy-3 fluorescent dyes, and hybridized with
the T0 complementary target sequence (1 nM). A square-wave gate voltage
was applied in order to consistently reproduce the operating conditions of the
real-time output current measurement (VGS,ON = −2 V , VGS,OFF = 0 V ,
T = 60 sec, duty cycle 50%); contemporary, the fluorescent signal coming from
the sensing area was evaluated by means of a fluorescence microscope and
acquired with a CCD camera.
The results are shown in Figure 8.9. Because of the small density of the DNA
probes, the fluorescence coming from the sensing area is generally low, as
clearly evident in the pictures acquired with the CCD camera (Figure 8.9(a)).
Nevertheless, in the area surrounded by the dashed line, an evident modulation
in the fluorescence is clearly visible: when the device was turned on, the DNA
chains were tilted, thus bringing to a quenching of the fluorescence because of
the interaction between the fluorescent dyes and the gold surface. When the
device was grounded again, the fluorescence was restored. Again, the reversible
quenching effect can be solely related to a displacement of molecules with
respect to the normal of the sensing area surface changing with the applied
polarization. The reversibility of the tilting effect is well represented by the
brightness variation, evaluated from the RGB levels of the acquired picture
according to Equation 7.7, reported in Figure 8.9(b); such a variation is related
to a correspondent reduction of the wavelengths (red, magenta and yellow) in
the emission band of the Cy-3, as demonstrated by the analysis in Figure 8.9(c).
Such variations are similar to the one obtained for the low voltage OCMFET
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Figure 8.9: Investigation on the dsDNA tilting for the low voltage, self-aligned
OCMFET: (a) particulars of the sensing area, showing the fluorescence variation as a
response to the polarization-induced DNA strand tilting (particularly focus on the
area delimited by the dashed line); (b) relative brightness variation (normalized to
the initial brightness) evaluated from the pictures during the gate voltage variation;
(c) correspondent variation of the red (R), magenta (M) and yellow (Y) levels, which
mainly contribute to the emission band of the Cy-3 fluorochrome.
(see Figure 7.13), thus demonstrating that the tilting effect is likely associated
to the CMFET working principle instead of being a properties of the designed
layout characteristics.
trick
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Conclusions
In this part, the design, fabrication and testing of a novel implementation of
the CMFET based on organic thin-film transistors has been presented. The
state-of-the-art of the OCMFET technology preceding the described activity
demonstrated the feasibility of the approach in different biochemical reaction,
but didn’t overcome the main issue of the operating voltages needed to bias the
organic transistor. This feature limited the portability of the devices, seriously
affecting its appeal as disposable device in field-measurement kits, and seemed to
represent a serious drawbacks for the reliability of the measurements. Moreover,
a complete modelling of the sensitivity mechanism behind the working principle
was still missing, as a consequence of the poor reliability of the results.
In order to make a significant breakthrough beyond the obtained result, a step
forward in the organic technology was needed. A significant effort was conse-
quently set on the development and reliable fabrication of high-performances
OTFTs, i.e. organic transistors capable to be operated at low voltages and
with ideal electrical performances. The developed technology, which combines
ultra-thin hybrid dielectrics and self-alignment of the transistor’s contacts, is
here presented as functional for the final fabrication of the OCMFET. It is
undisputed that a highly reliable fabrication process, easily up-scalable to an
industrial size, for the fabrication of organic transistors is endowed with a
more general appeal for organic electronics, beyond the aims of the research
activity here described. The basic tests on low voltage, self-aligned OTFTs
integrated in small circuitries, such as amplifiers and inverters, represent a
first proof-of-concept for the development of more complex applications. The
combination of transparency and flexibility, low voltage workability, signifi-
cant frequency performances clearly proposes a free-standing research field for
the developed technologies, which represents one of the main outlooks of the
presented activity.
Thanks to the introduced innovations, the performances of the OCMFET as
DNA hybridization sensor were dramatically improved. The employment of
a low voltage transistor (i.e., without the self-alignment) in a not-optimized
sensor layout determined a significant increase of the performances in terms of
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reliability and selectivity and sensitivity levels. In particular, DNA concentra-
tion as low as 100 pM were detected, and a significant noise margin (∼ 6%)
was recorded for the single nucleotide polymorphism. The high reliability of
the fabrication process and the obtained low voltage workability completely
fulfil the characteristics required for employing the OCMFET as disposable
device in portable kits for different applications including forensic and medical
diagnosis.
The reliability of the results allowed a thorough analysis of the relationship
between the OCMFET performances and the layout characteristics. Beyond the
sensitivity increasing determined by the reduction of the parasitic capacitances
through the self-alignment, a complete set of design rules was derived, and
a novel layout was fabricated. The employment of the high-performances
OCMFET as DNA hybridization sensor demonstrated an almost perfect accord
with the design rules, and represented a further breakthrough in the device
performances. Interestingly, the design rules demonstrate that the OCMFET
can overcome some structural limitations of the bioFET approach, allowing a
more strict control of the final sensitivity performances of the device. DNA
concentration as low as 1 pM were detected, and a theoretical detection
limit lower than 100 fM was extrapolated. Selectivity noise margin higher
than 80% of the output current were also obtained. Such performances are
the best never demonstrated for bioFETs based on organic devices, and are
absolutely competitive with the electrochemical and electronic sensors reported
in literature. In this novel implementation, several aspects related to the
manageability and the easiness of usage were also improved, thus representing
a step forward in the development of demo to be tested and validated in
operational environment. The design and fabrication of a biasing and readout
electronics to be connected to a computer is currently ongoing, thus representing
an essential step for transfer the OCMFET technology from the electronic lab
to specialized users in biochemical laboratories, and then to end users at a
market size.
Finally, an innovative analysis allowed to observe a physical effect, never
observed in bioFETs, that can possibly be employed for overcome the most
urgent limit of this category of devices: the Debye screening length. The results
clearly demonstrate that the polarization of the OCMFET tilts the hybridized
DNA strands near to the sensing area surface, contemporary repulsing the
screening ions. Consequently, the detection of charge was allowed for relatively
high concentration of salt in the measurement environment, i.e. in conditions
similar to the ones in vivo. This feature can represent a key factor for finally
allowing the OCMFET to be operated at condition considerably near to the
one existing in a living organism with high performances. An exhaustive
explanation of the origins of the tilting effect are still missing, and further
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investigations represent an obvious outlooks subsequent to the activity here
described.
The summary of all these information clearly demonstrate the absolute merit of
the OCMFET technology as a promising technology beyond the bare academic
proof-of-concept, aspiring to its actual employment in operative conditions.
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The aim and motivation of the research activity described in this dissertation
was to make a breakthrough in the technology of the Charge-Modulated
FET, thoroughly exploring its potentialities in the application to biological
and chemical sensor and overcoming the existing limitations. Exploiting the
versatility of the CMFET working principle, two different technologies, namely
CMOS process and organic technology, were considered for the fabrication
of biosensors for laboratory and field-measurement kit instrumentation. In
particular, the DNA hybridization detection was chosen as representative
testbench for this technology, being a biochemical reaction of basic importance
for application in the forensic, medical and pharmaceutical fields and thoroughly
explored in literature.
Beyond the results obtained in the different technologies, thoroughly discussed
in the conclusions of Part II and Part III, the general feasibility of the CMFET
technology for biochemical sensing has been demonstrated. The employment
of floating gate transistors for charge sensing allows the overcoming of urgent
drawbacks in the bioFET technology, such as the needing of the reference
electrode in large-scale integrated LoCs and the environmental stability of the
semiconductor in the organic implementation. Beyond these general features,
a step forward was done from different point of view: reliable biochemical
protocols for the device specialization and characterization were developed for
different materials, a deep knowledge of the technological and design influence
on the final performances of the device was obtained. Moreover, thanks to the
tilting effect observed in the organic implementation, the detection ability of the
CMFET in solutions with high salt concentration was demonstrated, beyond
the limitations generally assumed for bioFETs. Such a feature, combined with
the other already cited peculiarities, determines a strong advantage of the
CMFET approach over the basic solutions for electronic biosensing reported
in literature. A more exhaustive comprehension of this phenomenon can even
more spread its application in the CMFET technology for further improving
the biosensing performances. For instance, the occurrence of the same effect in
the silicon implementation of the CMFET needs to be demonstrated, as the
higher complexity level of the structure and the reliability problems described
in Chapter 4 avoided so far its investigation in the LoC.
As main output of the research, several indications for the future development
of CMFET-based sensor have been derived, also apart from the genetic appli-
cations. The ability of the CMFET for detecting the DNA hybridization was
thoroughly explored and demonstrated; a further step forward in this applica-
tion can be represented in the development of system prototypes to be tested
in operational conditions, such as biologists for laboratory and field measure-
ments. Beyond the pure hybridization detection, other genetic reactions can
be considered. At the time of this work, a novel project, namely AMBROSIA,
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has been founded by the Sardinia Regional Government for the development
of platforms in CMOS and organic technology for the measurement of the
telomerase activity. As introduced in Chapter 1, the telomerase enzyme is able
to elongate the length of the DNA strands during the mitosis; the CMFET
is theoretically able to determine such elongation by evaluating the increase
of the negative charges associated to the molecules. The development of such
applications is related to the implication of the telomerase activity in medical
and pharmaceutical studies on the mechanism behind the senescence of the
cells, and of the metastatic conditions of the cancer cells, which theoretical
infinite replication ability is generally associated to the telomerase activity.
Besides the application to DNA analysis, other applications can be now inves-
tigated. For instance, the development of OCMFET-based pH sensors capable
to be operated at low voltage can represent an interesting implementation to
be applied for monitoring environmental pH or food conservation. Another
interesting field to be analysed is the detection of immunological reactions:
as discussed in Chapter 1, the problematic are similar to the one found in
genetic application, but the possibility of detecting immunological reactions by
the field-effect modulation is still under investigation. Only a few examples
of immunoFETs can be found in literature, generally indirectly detecting the
immunological response of the antibodies; according to the obtained results,
the CMFET can represent a valuable technology also to this aim.
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Appendixes

A
From the OCMFET
working principle to
pressure sensing
The CMFET working principle is highly versatile: every signal producing a
modulation of the charge distribution in the floating gate can be detected. In
this appendix, thanks to a modificaton of the CMFET working principle, the
application of the OCMFET as pressure sensor will be discussed.
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A.1 Introduction
In the recent years, a rising interest has been directed to the development and
fabrication of tactile and pressure sensors, mainly as basic building blocks for the
fabrication of artificial skin [113–116]. As flexibility and large-area processes are
mandatory requirements for this application, organic electronics can definitely
play a role in such field, allowing the fabrication of devices on large, non-
necessarily planar surfaces, at relatively low costs. Among different approaches,
the employment of inorganic and Organic Field-Effect Transistors (FETs and
OFETs, respectively) for tactile transduction is steadily arising. In this case,
the pressure event is directly transduced and amplified by the transistor; as a
consequence, current or voltage signals with higher signal-to-noise ratios are
directly available for the readout and conditioning electronics. An interesting
example has been given by Dahiya et al. [115, 116]: a film of a piezoelectric
polymer, namely poly(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) was
deposited onto the gate insulator of a FET. As a piezoelectric material responds
to mechanical deformation with a variation of the voltage drop on it, this device,
called Piezoelectric Oxide FET (POSFET), permitted the direct transduction
of the pressure event into a shift of the flat-band voltage of the transistor. This
approach has been developed so far only on silicon substrates; the extension of
the POSFET working principle to flexible substrates has been predicted but
not yet demonstrated. As the piezoelectric effect is thermal-dependent and
commonly affected by high noise levels, the employment of capacitive pressure
sensors is generally preferable. Mannsfeld et al. [117] have integrated a bottom
contact OFET with a micro-structured polydimethylsiloxane (PDMS) film,
which acts as gate dielectric in a top-gate configuration. As the pressure event
determines a compression of the dielectric, which, in turns, generates a gate
charge variation, a modulation in the output current is obtained. A similar
approach has been proposed by Kim et al. [118]. In both cases, as the pressure
is directly applied on the semiconductor, the risk of an irreversible damage of
the organic layer is not negligible. Interestingly, the conduction mechanisms of
organic devices can be employed for a simple, direct measurement of a pressure.
As demonstrated by Someya and co-workers [40], the mobility in thin films of
small molecules is mainly dependent on hopping mechanism between different
crystal domains. Therefore, if the pressure event induces a deformation on
the morphology of the organic semiconductor film, a marked variation of the
output current can be detected, due to the alteration of charge transport
mechanism, as recently demonstrated for several semiconductors and device
architectures [119,120]. In this case, the performances of the sensor are strictly
related to the choice of the organic semiconductor and the characteristic of the
deposited semiconductor film.
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Decoupling the pressure-sensing element and the transistor area can represent
a solution for overcoming all the limitations of the previously presented ap-
proaches. Such a feature can be easily obtained by employing the OCMFET
approach, coupling the sensing area of the device with a pressure-sensitive
element. Two main approaches can be considered for the fabrication of CMFET-
based pressure sensor:
• the integration of the OCMFET with a piezoelectric material, converting
the pressure in a separation of charge which can be detected by the
device;
• the integration of the OCMFET with a capacitive sensor, which can
modulate the capacitive contribution of the layout.
In particular, the second solution was explored; consequently, a novel device,
namely Pressure-Modulated Organic FET (PMOFET), was designed.
A.2 PMOFET working principle
The basic structure of the PMOFET is reported in Figure A.1. The sensing
area is substituted by a compressible capacitor CV , i.e. a capacitor which
can be compressed by an applied pressure, thus changing its capacitance. In
this case, referring to the basic working principle of the CMFET presented in
Chapter 2, the floating gate voltage can be written as
VFG =
CCF
CSUM + CV
VCG +
CDF
CSUM + CV
VD +
CSF
CSUM + CV
VS+ (A.1)
+ CV
CSUM + CV
VC +
Q0
CSUM + CV
(A.2)
where CSUM = CCF + CSF + CDF , and CCF , CDF and CSF are the control
capacitor and the parasitic capacitors between drain/source and floating gate
respectively. If the parasitic contributions and the native charge Q0 are
negligible, the last equation can be approximated to
VFG ' CCF
CCF + CV
VCG +
CV
CCF + CV
VC (A.3)
From this last equation, it can be derived that a variation in the compressible
capacitor CV modifies the floating gate voltage of the transistor, thus determin-
ing a modulation of the output current. With respect to a simple capacitance
measurement, the transistor effect determines an amplification of the output
signal, thus improving the signal-to-noise ratio and leading to an easier design
of the further transducing blocks.
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Figure A.1: Electrical model and basic structure of the PMOFET.
A.3 Fabrication process
In order to represent a valuable technology for the fabrication of artificial
skin, the PMOFET must necessary fulfil some requirements, such as low
voltage workability and fast response to the pressure stimuli. For these reasons,
the employment of low voltage, self aligned OTFT presented in Chapter
6 can represent a significant advantage; in this case, the approximation in
Equation A.3 can be considered acceptable. In Figure A.2, the basic steps
of the fabrication process are reported. The procedures are substantially
the same described for the high-performances OCMFET in Chapter 8, with
the substitution of the sensing area with the compressible capacitor as sole
difference.
Both the variable capacitor and the transistor were fabricated on a highly
flexible, 175 µm-thick PET substrate; therefore the structure can be applied
also on curved surfaces at a later stage. The floating gate of the device is made
of aluminium, thermally evaporated onto the PET substrate. The geometry of
the floating gate is patterned by means of a standard photolithographic process
in order to define the bottom plate of the variable capacitor on one end, and
the channel area on the opposite end (a). After that, the aluminium oxide was
let grown in an oven at 50℃ for at least twelve hours; the hybrid dielectric
was completed with the deposition of a 40 nm thick Parylene C layer by CVD
(b). PDMS was chosen as compressible dielectric for the variable capacitor: it
was spin-coated onto the bottom plate of the capacitor and let dry at 50℃ in
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Figure A.2: Fabrication process of the PMOFET; in the palette, the employed
materials are reported.
an oven for three hours. The materials exceeding the bottom plate was easily
removed with a cutter (c). As adhesion of metals onto the PDMS surface is
not trivial, a second Parylene C film was deposited in order to promote the
adhesion of the top plate of the variable capacitor (d); the remaining part of the
floating gate was masked in order to prevent a further deposition of Parylene
C on the control capacitor and transistor area. The self-aligned transistor
and the top plates of the control and variable capacitors were fabricated by
thermally evaporating a gold film through a shadow mask on the device area
and performing the lift-off of the gold layer lying on the photoresist in the
channel area (f). This step, made possible by the low resolution required for
patterning the top contacts in the structure, avoided a second photolithographic
step, thus reducing the complexity of the fabrication process. The device was
completed by drop-casting a 0.5 wt% TIPS pentacene solution in toluene on
the channel area. At this point, the system was mounted on a test board. The
prototypes area is of about 4.5 × 2 cm2; a distance of about 1.5 cm was set
between the transistor and the variable capacitor, thus avoiding any random
contact and/or a mechanical coupling with the organic semiconductor.
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Figure A.3: (a) Output current versus time for the PMOFET when different forces
were applied to the variable capacitor; (b) Variation in the output current of the
PMOFET compared with the variation of the PDMS capacitance with the applied
force.
A.4 Electrical characterization
At first, the PDMS capacitors have been characterized. A capacitance of
(63± 2) pFcm−2 was measured. From this value, and compensating the
Parylene C layers in the variable capacitor, a thickness of about 40 µm for the
PDMS film can be estimated. This evidence justify the needing of separate
the variable capacitor and the control capacitor: as the deposition of PDMS in
sub-micrometrical film over a large area is not trivial, the capacitance of the
variable capacitor is not sufficient for biasing the transistor.
The PMOFET was dynamically characterized by applying controlled uniform
forces with a mechanical indenter (Imada Digital Force Measurement Gauge)
with the same area of the variable capacitor (64 mm2). The transistor was
biased in the saturation regime (VDS = VGS = −2 V ), and rising forces were
applied while keeping the bias constant. The output current was measured
in real-time during the application of the mechanical stimulus; the results are
reported in Figure A.3(a). It is possible to notice that the device showed a
distinguishable response to the different pressures for a quite large range of
forces. Moreover, the current level in the unloaded state of the device is well
maintained after every pressure step, thus demonstrating that the deformation
of the dielectric can be steadily recovered also for high forces. In Figure A.3(b),
the relative variation of the output current is reported, and compared with the
relative variation of the variable capacitance. As expected, the capacitance
and the output current showed the same trend of variation but ∆I/I is quite
higher due to the transistor effect.
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A.5 Conclusions
A novel approach for the fabrication of OFET-based pressure sensor has been
presented. The device operates at ultra-low voltages and is fabricated on a
flexible, transparent PET substrate, thus being feasible for the employment
as basic blocks of artificial skin. With respect to the approaches presented
so far in literature, the sensing area can be separated from the area of the
transistor, thus avoiding any damage to the organic semiconductor. A complete
characterization was given, thus their capability of distinguishing between
pressure events of different intensities was demonstrated. Thanks to the
amplification of the transistor, relatively small variations in the capacitances
produced a substantial variation in the output current.
trick
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I Ultra-low voltage, organic thin film transistors fabricated on
plastic substrates by a highly reproducible process.
by: Cosseddu, P., Lai, S., Barbaro, M. and Bonfiglio, A.
published in: Applied Physics Letters, 100, 093305 (2012)
Abstract: Organic thin film transistors have been fabricated on plastic
substrates using a combination of two ultrathin insulating films,
namely a 6 nm Al2O3 film (grown by UV-Ozone treatment of a pre-
deposited aluminium film) and a 25 nm Parylene C film deposited
by vapour phase, as gate dielectric. They show a very low leakage
current density, around 2× 10−9 Acm−2, and, most importantly, can
be operated at voltages below 1 V .We demonstrate that this low-cost
technique is highly reproducible and represents a step forward for the
routine fabrication of ultra-low voltage plastic electronics.
Contribution: with Dr. Cosseddu, main inventor of the technological pro-
cess, characterization of the dielectric and of the fabricated transistor.
II An organic, charge-modulated field effect transistor for DNA
detection.
by: Demelas, M., Lai, S., Casula, G., Scavetta, E., Barbaro, M. and
Bonfiglio, A.
published in: Sensors and Actuators B: Chemical, 171-172, 198-203
(2012)
Abstract: A novel DNA sensor able to detect the DNA hybridization in
liquids is presented. The device is a charge sensor, realized with an
organic field effect transistor, sensitive to the negatively charged DNA
phosphates groups. Compared to other examples of DNA sensors
based on organic transistors, this device has two noticeable features:
the probe area is completely separated from the transistor area and the
sensing mechanism is not reliant on the choice of the device materials.
Moreover, the device architecture has been designed in order to avoid
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any damaging treatment that may reduce the stability of the organic
semiconductor. These features make this device especially suitable
for the realization of portable and low cost sensors. Two devices (one
used as reference and the other as sensor) are measured at the same
time in order to get rid of current drifts which are due to organic
semiconductor degradation or bias stress, and to enhance variations
induced by the DNA sensing mechanism.
Contribution: main work by Dr. Demelas; the author contributed to
the definition of the sensor layout and to the specialization and
measurement setup.
III Label-free, direct DNA detection by means of a standard CMOS
electronic chip.
by: Barbaro, M., Caboni, A., Loi, D., Lai, S., Homsy, A., van der Wal,
P. D. and de Rooij, N. F.
published in: Sensors and Actuators B: Chemical, 171-172, 148-154
(2012)
Abstract: An integrated chip for DNA hybridization detection was realized
in a standard CMOS process: it hosts 80 biosensors subdivided in 2
channels, as well as D/A and A/D converters for electrical stimulation
and readout. A microfluidic system, bonded on the surface of the chip,
provides access to the sensing areas for test solutions and reagents.
A simple, low-cost technique for the realization of a biocompatible
interface on the aluminum sensing area was developed; it allows
the immobilization of single-stranded DNA oligonucleotides on the
sensing electrodes. The electrical response of the realized chip to the
functionalization and hybridization processes was verified. A direct
extrapolation of the density of the immobilized oligonucleotides was
possible and this demonstrated the compatibility of the results with
electrochemical data available in literature. Experimental results show
sensitivity to target concentration down to 100 pM . Selectivity was
tested by verifying that no response is generated by oligonucleotides
either completely non- complementary or with 5 and 3 modification.
Contribution: main responsible for the device specialization and charac-
terization, data elaboration and writing of the manuscript.
IV A CMOS Biocompatible Charge Detector for Biosensing Appli-
cations.
by: Lai, S., Caboni, A., Loi, D. and Barbaro, M.
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published in: IEEE Transactions on Electron Devices, 59(9), 2512-2519
(2012)
Abstract: A solid-state CMOS device capable of detecting the changes of
electric charge caused by a chemical or biological reaction is presented.
The device is fully compatible with a standard CMOS process. Bio-
compatibility is obtained by the passivation of the active area with a
layer of alumina obtained with a simple, low-cost, and reliable process.
A test chip hosting 80 sensors has been realized and characterized
showing the detection capabilities of the novel sensor. The reusability
of the device by stripping of the alumina layer was proved.
Contribution: with Dr. Barbaro, development of the model and writing of
the manuscript. Main responsible for the electrical characterization.
V Ultralow Voltage, OTFT-Based Sensor for Label-Free DNA De-
tection.
by: Lai, S., Demelas, M., Casula, G., Cosseddu, P., Barbaro M. and
Bonfiglio, A.
published in: Advanced Materials, 25, 103-107 (2013)
Abstract: An organic ultralow voltage field effect transistor for DNA
hybridization detection is presented. The transduction mechanism is
based on a field- effect modulation due to the electrical charge of the
oligonucleotides, so label-free detection can be performed. The device
shows a sub-nanomolar detection limit and unprecedented selectivity
with respect to single nucleotide polymorphism.
Contribution: with Dr. Demelas and G. Casula, development of the
layout, specialization and characterization protocol; main responsible
for the device fabrication, electrical characterization and writing of
the manuscript.
VI Towards high frequency performances of ultra-low voltage
OTFTs: Combining self-alignment and hybrid, nanosized di-
electrics.
by: Lai, S., Cosseddu, P., Gazzadi, G. C., Barbaro M. and Bonfiglio, A.
published in: Organic Electronics, 14, 754-761 (2013)
Abstract: By combining an ultra-thin dielectric layer with a self-aligning
process, an ultra-low volt- age Organic Thin-Film Transistor (OTFT)
with a 100 kHz cutoff frequency was obtained. The devices are fabri-
cated using a single-mask, photolithographic self-alignment technique
compatible with the use of standard photoresists and not requiring
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any further chemical treatment. This technique allows a dramatic
reduction of the parasitic capacitances thus leading to a remarkable
increase of the cutoff frequency, even with organic semiconductors
with a relatively low mobility. These characteristics make the re-
ported approach suitable for the fabrication of basic building blocks
for high frequency applications. In this paper, the main electrical
parameters of ultra-low voltage, self-aligned devices are reported, and
their complete frequency characterization is provided.
Contribution: with Dr. Cosseddu, development of the self-alignment
technique; main responsible for the electrical characterization and for
the writing of the manuscript.
VII Charge sensing by organic charge-modulated field effect transis-
tors: application to the detection of bio-related effects
by: Demelas, M., Lai, S., Spanu, A., Martinoia, S., Cosseddu, P., Bar-
baro, M. and Bonfiglio, A.
published in: Journal of Material Chemistry B, 1, 3811-3819 (2013)
Abstract: The ability of field effect transistors (FETs) to detect charge
variations on the gate may be exploited for realizing chemo- and
bio-sensors. In this paper, we focus our attention on a particular kind
of field effect device, named organic charge modulated FETs, whose
features can be optimized for charge detection in liquid solutions.
The results of the measurement of different bio-related effects are
shown. In particular, DNA hybridization and pH detection in liquid
media are proposed. Finally, preliminary considerations about the
applicability of these devices to the detection of the electrical activity
of cells are also provided. The device has considerable potential for
being employed as a reliable, high sensitivity, low cost technology for
sensing signals derived from living systems.
Contribution: with Dr. Demelas and A. Spanu, main responsible for the
device fabrication and electrical characterization and for the writing
of the manuscript.
VIII Ultralow Voltage Pressure Sensors Based on Organic FETs and
Compressible Capacitors.
by: Lai, S., Cosseddu, P., Bonfiglio, A. and Barbaro, M.
published in: IEEE Electron Device Letters, 34(6), 801-803 (2013)
Abstract: A novel structure for the fabrication of organic pressure sen-
sors is presented. It is based on a polydimethylsiloxane capacitor
integrated with a floating-gate organic field-effect transistor (OFET)
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able to operate at ultralow voltages. The thin-film device, fabricated
on a flexible substrate, is specifically conceived for tactile sensing.
The main novelty of the working principle consists in the physical
separation between the pressure-sensitive area and the active area of
the OFET. The complete characterization of the device, in response
to the application of different pressures, is provided.
Contribution: Concept conceived with Dr. Barbaro and developed with
Dr. Cosseddu; main responsible for the device fabrication and char-
acterization, and for the writing of the manuscript.
Conference Proceedings
I DNA hybridization detection based on an Organic charge mod-
ulated Field Effect Transistor.
by: Demelas, M., Lai, S., Barbaro, M. and Bonfiglio, A.
published in: IEEE Sensors 2011, 28-31 Dec. 2011 Limerick (Ireland),
1917-1920
Abstract: We present a novel sensor based on an Organic Field Effect
Transistor (OFET) for DNA detection. The measure does not need
any labeling step and the readout signal is an electric current. The
device’s working mechanism does not depend on the materials used
for its fabrication. Successful experiments proved the feasibility of
the approach.
Contribution: main work by Dr. Demelas; the author contributed to the
device fabrication and electrical characterization and to the writing
of the manuscript.
II Ultra-low Voltage, Self-aligned OTFTs for Frequency Applica-
tions.
by: Lai, S., Cosseddu, P., Gazzadi, G.C., Martines, G., Bonfiglio, A. and
Barbaro, M.
published in: Proceedings to the MRS Spring Meeting, 1-5 Apr. 2013,
San Francisco, 1570
Abstract: A novel structure for Organic Thin-Film Transistor (OTFT)
is here presented. The devices are fabricated using a one-mask, pho-
tolithographic self- alignment technique which can be performed with
standard photoresists and without further chemical treatments. This
technique, combined with a novel technology for the realization of low
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voltage OTFTs, allows a dramatic reduction of the parasitic capaci-
tances thus leading to a remarkable cut-off frequency. In this paper,
the main electrical parameters of low voltage, self-aligned devices are
reported, and a complete frequency characterization of the devices is
given. These characteristics make the reported approach suitable for
the development of basic circuitries for frequency applications.
Contribution: main responsible for the device fabrication and characteri-
zation; main writer of the manuscript.
III Organic FET device as a novel sensor for cell bioelectrical and
metabolic activity recordings
by: Spanu, A., Lai, S., Cosseddu, P., Bonfiglio, A., Tedesco, M. and
Martinoia, S.
published in: 6th International IEEE/EMBS Conference on Neural Engi-
neering, 6-8 Nov. 2013, 937-940.
Abstract: Organic based transistors for biochemical sensing and cellular
applications are becoming an alternative approach to standard tech-
nology because of their attractive features (e.g., low-cost, mechanical
flexibility, enhanced biocompatibility). A particular configuration of
organic FET, namely Organic Charge Modulated FET (OCMFET)
is here proposed as a sensor for both electrical and metabolic activity
of electroactive cells. Its peculiar structure allows sensing any local
charge variation occurring in the sensing area without any chemi-
cal modification of the surface, making it a very interesting tool in
electrophysiology and biosensing applications.
Contribution: main work by A. Spanu; the author contributed to the
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cal stimulus we induce morphological and structural changes in the
organic semiconductor giving rise to a marked, reproducible and
reversible variation of the device output current. We show how the
intrinsic properties of the employed active layers play a crucial role
in determining the final sensitivity to the mechanical deformation.
Finally we also demonstrate that the fabricated flexible system can
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